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ABSTRACT

Poly(acrylic acid) (PAA) is a weak polyelectrolyte presenting negative charge at basic condition
when the carboxylic group loses a proton. These carboxylate group can interact with polycations
and metal ions to form stable polyelectrolyte complexes (PECs), leading to tunable properties
and multifunctional nanoscale structures through chemical reactions. This research focuses on
nanofiber and nanoparticle fabricated by PAA-based PECs. We demonstrated the effect of ferric
ion concentration on the mechanical properties of PAA-based single naonofiber by using dark field
microscopy imaging and persistence length analysis. The application of PAA-based nanofiber
mats loaded with MnO2 for supercapacitors was also explored. As a free-standing and flexible
supercapacitor electrode, the nanofiber mat exhibited outstanding properties including high specific
capacitance, excellent reversible redox reactions, and fast charge/discharge ability. Since PAA is a
biocompatible polymer, PAA-based PEC was applied as a drug-carrier in a drug delivery system.
In this project, core-shell nanoparticles were fabricated with chitosan as the core and PAA as the
shell to incorporate with the drug gemcitabine. Several parameters were investigated to obtain
the optimal nanoparticle size. The as-prepared drug delivery system shows prolonged releasing
profile.
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CHAPTER 1: INTRODUCTION

Polyelectrolyte

Polyelectrolytes are polymers which are with ionic groups in the structures. The basic architecture
of a polyelectrolyte contains a polymeric backbone and repetitive units of charge bearing functional group(s) on it [11]. These functional groups undergo partially or completely dissociate in
polar solvents like water to be either positively or negatively charged. This property makes polyelectrolyte adopt similar properties of both electrolyte and polymer. For example, polyelectrolyte
solution can be both electrically conductive and viscous. Further more, while neutral polymers employ coil conformation in solution, polyelectrolytes stretch out more due to the repulsion among
the charges. The extended structure leads to higher viscosity in the solution because the polymer
molecules need more space and resist the stream of the solvent [12].
Polyelectrolytes can be devided as strong and weak types. Like strong and weak electrolytes,
polyelectrolytes can completely or partially dissociate. Strong polyelectrolytes are those which
bear functional groups thatare dissociate extensively and not dependent on pH, like sulfonic group
and quaternary ammine group. These polyelectrolytes keep highly charged in most conditions
and their surface charge is not easily altered. Poly(diallyldimethyl ammonium chloride) (PDADMAC) bearing quaternary amine as functional group, is a good example for strong polyelectrolyte.
It retains its positive charge over a wide range of pH. Similarly, poly(allylamine hydrochloride)
(PAH) is a strong anionic polyelectrolyte, on which the sulfate group can completely dissociate. In
contrast, weak polyelectrolytes have functional groups that are pH dependent and partially dissociate, such as polyelectrolytes with primary or secondary amine (Chitosan), and carboxylic group
(Poly(acrylic acid), PAA) (Figure 1.1).

1

The properties of weak polyelectrolyte, such as the degree of dissociation and polymer chain conformation, can be changed by modifying the pH, counter-ion concentration, and ionic strength of
the solution. For instance, CS is a weak polyelectrolyte containing primary amine which is positively charged only at acidic condition by accepting a proton. PAA is also a weak polyelectrolyte
that is negatively charged only at basic condition when the carboxylic group loses a proton. In a solution without salt, strong coulombic repulsion between charges on the polyelectrolyte backbone
stretches and elongates the polymer chains. There are many counter-ions surrounding the polymer blobs, which makes the solution maintain charge neutrality. However, if extra counter-ions,
such as alkali metal salt, are added to the solution, the electrostatic repulsion between polyelectrolyte backbones will be screened, therefore, the polymer blob will become smaller and more
compact [13]. The viscosity of polyelectrolyte solution decreases when the polymer concentration is dilute and semidilute entangled, while increases when the concentration is higher than the
critical concentration due to the local charge inversion, which causes chain expansion among the
entanglements [14]. Normally, natural polyelectrolytes, such as proteins and DNA, and natural derived polyelectrolytes, such as cellulose, chitosan (CS), alginin, heparin, are weak, while synthetic
polyelectrolytes (e.g. PAH, PAA, poly styrenesulfonate (PSS), PDADMAC, etc.) contain both
weak and strong ones. These polymers can be synthesized by solution polymerization [15, 16],
emulsion polymerization [19, 20], and precipitation polymerization [17, 18].
According to the nature of the charges on the polymer backbone at neutral pH, polyelectrolyte also
can be divided into polyanion, polycation and polyampholyte. Polycation are usually heteroatom
based (charges on nitrogen, phosphorus ,etc.) with polymers containing ammonium, phosphonium,
orimidazolium groups being particularly common [9]. For example, PAH, CS and PDADMAC are
cationic polyelectrolytes. and PAA and PSS are anionic due to their negative charged carboxyl and
sulfate groups. Polyelectrolytes containing both positive and negative charges are polyampholytes,
which are common, such as proteins. A special type of polyampholytes that carry both positive
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and negative terminals in the each repetitive unit are termed as polybetaines, which are rather rare
and usually sized in nature [21]. The coexistence of positive and negative charge on the backbone
leads to more complicated physical behavior. These polyelectrolytes only dissolve in the solutions
with enough salt, for the ions from the salt can screen the interaction between the opposite charges.
Figure 1.1 shows the chemical molecular structures of some common polyelectrolytes.

Figure 1.1: Molecular structures of common polyelectrolytes: (a) PSS, (b) PAA, (c) CS, (d)
PDADMAC, (e) PAH, and (f) PPy.

The charges and following properties on the polyelectrolytes results in many new and more applications than that of neutral polymers. Polyelectrolytes can be used in many fields in engineering and technology for nanomaterial thickening and binding [22, 23], flocculation [24–26], oil
recovery [27, 28], etc. Colloids and dispersions with particle size 1 nm to 10 µm are used in
many processes, such as biotechnology, agriculture and new energy [24, 29, 30]. With the charge
on the surface, polyelectrolyte can absorb the particles in colloids and dispersions to stabilize or
destabilize them [31]. Nanomaterial thickening and binding is the example of stabilization, while
floccuation and oil recovery are the examples of destabilization. Figure 1.2 is the illustration of
the effects of polyelectrolyte on colloidal stability of particles with negative charge in aqueous
solution [1]. D.A. Sievers et al. [24] empolyed polyamide as polyelectrolyte flocculant to purify
the corn stover by removing the solids from the sugar streams after enzymatic hydrolysis of corn
stover. After the treatment of polyelectrolyte flocculant, the filtration capacity was enhanced up
to 40 folds compared with untreated, while the used of cellulosic filter-aids for pressure fultration
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was only slightly improvement [32]. Also, with this method, the cost of the fuel was decreased by
$1.35 US per gallon gasline equivalent.

Figure 1.2: Schematic illustration of three ways in which the addition of a polyelectrolyte may
affect the colloidal stability of negatively charged particles in an aqueous suspension [1].

Polyelectrolyte complex

When two polyelectrolytes carrying opposite charges encounter, polyelectrolyte complex (PEC)
is formed through the electrostatic interaction between the opposite charges [33, 34], as shown in
Figure 1.3. There are two pathways to fabricate PECs: direct and indirect method. Direct method
is that just mix the polyelectrolytes with different charges, and the PECs form by self-assmbly [35–
37] (Figure 1.3(a)), while indirect method starts with one polyelectrolyte and monomers carrying
the other kind of charge, and then undergoes template polymerization [38–41] (Figure 1.3(b)).
The PECs chains may go furthe self-assmbly after polymerization. For direct method, positively
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charged polyelectrolytes and negatively charged polyelectrolytes cooperate with each other randomly, while PECs formed by indirect method are with better arrangement. When the opposite
charges on the two polymers are stoichiometric (every charge on one polymer is connected to the
opposite charge on the other polymer), the PECs are more rigid than those when the charges are
non-stoichiometric(one polymer is excess compared with the other one by charge), which is more
hydrophilic and soluble [42]. The formation of PECs involves not only electrostatic interaction
between the polymers, but also the interactions between the polymer and other molecules in the
solution, such as hydrogen bonding, van der waals interaction, hydrophobic interaction, and dipole
interactions [34].

Figure 1.3: PEC formation by direct method (a) and indirect method (b).

The self-assembly of the PECs also depends on chain conformation of the polyelectrolytes. The
process of PECs formation contains several molecular interactions levels (Figure 1.4). In the
polyelectrolyte solution, there are polymer chains with charges and the counter ions with low
molecular weight (they are released during the dissociation process). At the beginning of mix-
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ing, polymers are absorbed to each other by electrostatic interaction, which results in polymer
arrangement. Polyions starts to partially connected to each other due to the originally connected
to counter ions, and the connection will be elongated with longer time. At the same time, PECs
reconfiguration comes up on both connected and unconnected part. This leads to the secondary
and steric structure of PECs, and it takes time to achieve dynamic equilibrium [2, 34, 43, 44]. The
absorption/connection process and reconfiguration process can be controlled by many parameters,
such as charge ratio, polyelectrolyte concentration, pH value, etc. [34]. Different PEC structures
and properties can be obtained at different stage [2], as shown in Figure 1.4.

Figure 1.4: Mechanism of PEC formation [2].
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The electrostatic attraction, which is non-covalent bond, brings two main advantages: 1) it takes
place without the presence of catalyst or crosslinker, therefore, PEC can be non-toxic and simply
fabricated with low cost as long as both of the polymers are non-toxic; 2) it makes PECs more
flexible and more sensitive to the pH, temperature and charge concentration of the solution than that
of complexes formed by covalent bonding [45, 46]. This interaction results a more stable complex
than that of only one polyelectrolyte in aqueous soluton. For example, PAA are sensitive to ionic
environmentscan and can immediately dissolve in water solution, and chitosan has fast gastric
acid dissolution. However, when these two polymer solution are mixed, even at low concentration
(0.02% and 1% for chitosan and PAA, respectivly), PAA-CS nanoparticles are formed and no
longer dissolve in water [47].
Interactions between metal ions, especially heavy metal, and polyelectrolytes, especially biopolyelectrolytes plays an important role in building PEC networks, which is also widely employed in
nature, such as mussel byssal threads, nereis jaw and insect mandibles [6, 48–50]. In this interaction, polyelectrolytes act as the ligand of metal ions, because the interaction usually occurs between
metal ions and the charged functional groups on polyelectrolyte by metal-ligand coordination interaction, which is stronger than the electrostatic attraction and is more stable in water [51]. Therefore, this interaction provides structural stability of PEC and results in adaptive and responsive
structures [6]. The strength of the interaction between metal ions and sodium alginate was investigated by Maturana etal. [52]. Their result was Fe(II)>Fe(III)>Co(II) >Ni(II)>Pb(II)>Hg(II).
Rivas et al. obtained the flollowing affinity order of polyelectrolyte-metal ion interaction: trivalent >di-valent >mono-valent ion at pH 3, 5, and 7 and the highest interaction happened at pH
7 after studied the many metal ions, such as Ag+ , Ni2+ , Cd2+ , etc. [53] The polyelectrolyte they
used was a water-soluble polymer containing hydrophilic groups in every monomeric unit synthesized by radical polymerization. Their result indicated that the electron-rich groups on the polymer
paticipated the interaction with metal ions. The polymer-metal ion interaction depends on pH due
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to the protonated and deprotonated equilibrium of the charged groups on the backbone [54].

Nanostructure of polyelectrolyte and PEC

The advancement of nanotechnology and its application is a significant revolution in the past several decades. Nanotechnology is about the materials and structures within nanoscale, which brings
large surface area and much more active points than normal bulk materials. Therefore, these materials can be used in a broad range of fields [55]. PECs are good materials that has been fabricated
into 0D (nanoparticle), 1D (nanofiber), 2D (membrane) and 3D (hydrogel) forms (Figure 1.5).

Figure 1.5: Different dimentions of PEC materials

PEC nanoparticle

PEC nanoparticles are usually formed by adding one diluted polyelectrolyte solution dropwise to
the other diluted solution that contains the oppositely charged polyelectrolyte under stirring [56,
57]. This is called co-precipitation or polyelectrolyte titration. The stability and size of the col8

loid are affected by many parameters, such as mixing procedure, charge ratio of polyelectrolyte,
pH. Ankerfors et al. [58] demonstrated the effect of the mixing procedure of PAA and PAH on
the PEC properties compared with two complexation techniques, polyelectrolyte titration and jet
mixing. They observed that low-moluclar-weight, low concentration, and short mixing time produced smaller size nanoparticles. The order of mixing is more important to the case when the
titrant solution is added dropwise to the starting solution than that of one-shot addition. For the
slow process, the insufficient polyelectrolyte should be added to the excess one to avoid aggregation [59]. Muller et al. [60] reported that, for the nanoparticles fabricated by polyvinyl alcohol and
polyethyleneimine (PEI) and PAA, when the insufficient polyelectrolyte was added to the excess
one, the particle is more compact and smaller. The size of the particles also drop from ∼400 nm to
∼160 nm with decreasing of pH value (10, 8.5, 7, and 4). The zeta potential of PEC nanoparticles
is affected by the charge ratio [3]. As shown in Figure 1.6, the zeta potential is kept as nearly zero
when the charge ratio is 1, and it becomes negative or positive when polyanion or polycation is
excess.
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Figure 1.6: Schematic illustration of PEC nanoparticles of polyanion and polycation at different
charge ratios [3].

PEC nanofiber

For nanofiber fabrication, there are several techniques: electrospinning, phase separation, chemical vapor deposition, and self-assembly. Among these technologies, electrospinning is the most
widely used due to its simple setup (Firgure 1.7) and excellent performance [61–63] to conveniently prepare non-woven fibrous materials with fine diameters ranging from submicron to several nanometers [21]. Briefly, the precursor polymeric solution is loaded into the syringe with a
stainless steel needle. Then the fibers are produced by applying an electric field to the precursor
solution between the needle and the collector. During the electrospinning process, the solution
drop at the tip of the needle is stretched out by the electric field and stretched back by the surface
tension. When the two forces get a balance, Taylor Cone is formed, which is the threshold to produce nanofibers [4]. The fiberous structure and morphology can be affected by the design of the
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needle and the collection setup [63, 64].

Figure 1.7: Setup of electrospinning [4].

With the properties, such as high and large surface area, the non-waven mat of electrospun nanofibers
can be applied as scaffold and matrix for various applications [65]. In the past years, both polyelectrolyte itself and PECs attracted growing interest to prepare nanofibers. The charge and electrostatic interaction in polyelectrolyte and PEC have profound influence on the electrospinning
process and the morphology of the fibers thereof[66]. Polyelectrolyte can increases the viscosity
of the solution, therefore produces thicker nanofibers and lower beads productivity [66]. 3 wt%
chitosan solution in trifluoroacetic acid was used for electrospinning to fabricate nanofibers [21].
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The thickness of as-prepared fibers distributes from 100 nm to 1 µm containing belt-shape fibers.
Hyaluronic acid/chitosan PEC-based core-shell nanofibers prepared by electrospinning was reported previously [67]. The slectrospinning setup employed a built-in electric field to form a
core-shell structrue by CS and hyaluronic phase separation before fiber formation. Dr. Xia’s group
reported that poly(L-lactide) (PLA) can be electrospun to produce beaded porous fiber, uniform
fibers with high porousity , belt-shaped solid fibers and aligned uniform solid fibers at different
feeding rate, polymer concentration, in different solvent, or salt concentration, as shown in Figure 1.8. [5] PAA/CS polyelectrolyte complex with different metal ions (Ca2+ , Ce3+ , Fe3+ ) was
adapted to fabricate nanofibers impregnating metallic nanoparticles [6]. It was shown that the interaction between polyelectrolyte and metal ions affected the morphology of the fiber because the
conductivity and viscosity change with different concentration and valent state of metal ions. The
position and shape of the metallic nanoparticles formed on the fibers were also influented by the
interaction and reaction rate, as shown in Figure 1.9. The swelling of PEC nanofibers is a property
that is different with normal polymer fibers due to the intermoluclar interaction, such as hydrogen
bonding. Nanofibers also can be folded and designed to fabricate 2D and 3D bulk structure by the
collection setup [5].
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Figure 1.8: Different poly(L-lactide) (PLA) nanofiber forms at different condition: (A) porous
fibers with beads; (B)uniform fibers with high porousity; (C) belt-shaped solid fibers; and (D)
aligned sylinder-shaped uniform solid fibers. [5].
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Figure 1.9: Schematic illustrations of the nanoparticles formation on nanofibers from metal ions
with different diffusion profile. [6]

PEC membrane

Memberanes with various types and compositions have been investigated for decades to be applied
in environmental engineering, biotechnology and medical devices [68–71]. Among the membrane
fabrication technologies, layer-by-layer (LbL) assembly is a facile, efficient and versatile approach
to fabricate tunable and ultra thin nanostructured multilayer polyelectrolyte membranes [72]. Polyelectrolytes are perfect materials for LbL assembly because of the charges on the backbone and
electrostatic attraction is the dominating driving force of LbL assembly, which results in highly efficient process and very stable structue [73, 74]. Therefore, polyelectrolyte films can be fabricated
by the continuous adsorption of oppositely charged species on a charged substrate [72], as shown
14

in Figure 1.10. Depostion strategies has significant affects on weak polyelectrolyte LbL films at
layering, stability, and chain mobility [75]. Shear forces was observed as the main reason for that
becaue the forces arise during spin-assisted assembly, which leads to smaller adsorption amount,
causing a more orderly polymer chain, and dramatically improve the stability of the films, than
that of the dip-assisted assembly. The high degree of molecular order also increases the ionization
degree of the weak polyelectrolytes, bringing lower chain mobility and stronger binding between
layers. Electric field controlled LbL depositon is another approach for weak polyelectrolyte assembly at a high deposition rate. However, the ionization conditions of the multilayer is highly
influenced by the solution conditions and electric field strength [76]. In situ crosslinking is another
method to fabricate multilayer membrane. Recently, polyvinyl alcohol and PEI were crosslinked
by glutaricdialdehyde to form a stable bipolar membrane [77].
Joseph et al. [72] reported an ultrathin selective layer , including only one single bilayer of PDADMAC and sulfonated poly(aryleneoxindole) with excellent separation properties by a simple twostep dip-coating procedure. Polyelectrolyte multilayer films containing weak and strong polyelectrolyte blocks has been reported [73]. They took poly(4-styrenesulfonic acid-co-maleic acid)
(PSSMA) as the sample. The strong charged group styrenesulfonic acid formed electrostatic linkage to the substrate with PAH, while the weak charged group maleic acid can alter the properties
because they are responsive to pH value of the environment. The thickness of the assembled film
decreases with the higher pH. This is because the polycation chanis have lower charge density at
low pH, and a more coiled confirmation is adapted. Yin et al. [78] investigated the LbL film building up by dipping approach at vibration conditions. It was observed that the density of multilayer
smoothness increases with the vibration frequency. This is becuase of the influence of vibration on
the configuration of the polymer chain.
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Figure 1.10: Illustration of layer-by-layer assembly.

PEC hydrogel

Polyelectrolyte and PEC 3D networks can be obtained by polymerization [79–81] or mixing polyelectrolytes carring opposite charge at high concentration and proper pH and temperature [82, 83].
PEC hydrogels can be formed by both covalent bond and non-permanent and reversible ionic
bond [84]. Covalent linkage leads to higher immobilization and better mechanical properties, because it is permanent and irreversible bonding. While ionic crosslinking is generally considered as
biocompatible and well-tolerated, because it’s non-permanent and reversible. Therefore, ionically
crosslinked hydrogels are more sensitive to the stimuli, such as pH, temperature, and electrical
stimulus when in electrolytes [84–87]. The response can be swelling-deswelling process or mechanical motion at different conditions [80] by absorbing or releasing water, but still remaining at
solid state, as shown in Figure 1.12. The hydrogels response to pH due to the weak acid and amine
groups on the polymer backbones. These groups and interactions between them are sensitive to pH
changes especially around their pKa. For instance, hydrogel contraction of polyelectrolytes such as
poly(sodium acrylate) (PAANa), depends on the repulsion of COO− groups, which is adjusted by
the exchange of H+ ions. Since the electrostatic repulsion of COO− groups significantly depends
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on the concentration of COO− groups, H+ exchange is the most important parameter to determine
the number of COOH groups on the polymer backbone and therefore initiates polymer swelling
and deswelling. Thus, the concentraiton H+ (pH) becomes a critical determinant for swelling and
deswelling of the hydrogels [88]. For temperature change, it is known that increasing of temperature weakens the hydrogen bond between water molecules and acid/amine groups, which causes
deswelling of the hydrogels. The thermal behavior of PEC hydrogels are studied previously. It
was observed that Poly(N-isopropylacrylamide) (PNIPA)-based hydrogels can shrink and expand
in volume on heating and cooling, respectively [85, 89]. Recently, Kim et al. [90] synthesized a
PNIPA-based hydrogel containing titanate(IV) nanosheets (TiNSs) which reveals thermal motions
in contrast with conventional PNIPA-based hydrogles. Namely, on heating and cooling, the hydrogel elongates and shortens, respectively, as the result of the expansion and contraction of the cofacial TiNS distance. Electronic field causes ionic concentration asymmetrically to create osmotic
pressure differences, which consequently leads to swelling/deswelling and bending of the hydrogels [90]. The bending direction of the hydrogels is determined by the sign of the fixed charges
on the polyelectrolyte network [79]. Solvent also can be a stimulus to trigger the shape change of
PEC hydrogels. Zhao et al. [82] modified PAA with catechols and CS with bis(trifluoromethanesulphonyl)imide (Tf2N− ) to get a hydrogel that can be stable for solvent exchange (H2 O/DMSO)
with fast wet adhesion.
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Figure 1.11: Deswell and swelling of PEC hydrogels.

Except for the tranditional methods to create PEC hydrogels by polymerization [79] or simply mixing and diffusion process, many new approaches have been utilized. Crosslinkers are introduced
into the fabrication of hydrogel to stabilize the product and shorter the formation time [80, 81, 91].
Since greater microporosity leads to fast and high flexibility of PEC hydrogels [83], because high
porousity generates large deformation which is a result of enhanced deswelling mechanisms [88].
3D printing technique was reported to be a method to increase the porosity of the hydrogel, consequently increase the bending performance and sensitivity of the chitosan-based hydrogel [81].
Emulsion polymerization was adopted to create porous structures into PAANa hydrogel [88]. This
kind of hydrogels is more sensitive and flexible because the porousity decrases the pH gradient
across the hydrogel to protonate carboxylate groups and initiate bending. When it’s hard to fabricate hydrogels from one polyelectrolyte only, PEC shows advantages. For example, Polyaniline
(PANI), as one the most promising conductive polymers, can’t form hydrogels with a facile method
because of its high hydrophobicity. However, PANI-cellulose hydrogel was fabricated from a
transparent solution dissolved in a NaOH-urea aqueous system by cross-linking with epichlorohydrin [92]. In this PEC hydrogel, PANI-cellulose crosslinked networks entangled together by
noncovalend bonding, resulting in a homogeneous macroposrous structure, good miscibility and
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excellent mechanical strength.
The morphology of polyelectrolyte and PEC nanostructure can be characterized by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy (IR) are usually employed to determine the composition
of the material. [66] Atomic force microscopy (AFM) can characerize the surface morphologies of
the materials. [73]

Application of polyelectrolyte complex

Biotechnology

Tissue engineering

The field of tissue engineering uses the combination of cells and scaffolds to repair or replace portions of or whole biological tissues (Figure 1.12). Over the past few years, the definition of the
tissue engineering building blocks has changed significantly from a material that functionalized
only as an inert structural support for cell attachment, to serve as a more complex and dynamic
environment for tissue development [93]. The scaffold for tissue engineering should be stable
enough to permit cell infiltration and support tissue growth, however, it can’t stay too long to
interfere with the connection of the new tissue and old tissue [94]. Furthermore, the surface of
the implantable material has to be suitable to promote cell adhesion and regulate the inflammation response [95, 96]. The mechanical property can be improved by adding “stiff” composition,
modulating pH during assembly, carrying out cross-linking, or incorporating nanoparticles. The
strategy for biochemical functionalization includes modification with growth factors and hormones
or types of specific interactions, such as the interaction with receptor [97]. The ability to manipu-
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late the chemical, physical, and surface properties of PEC structures by simply changing pH, ionic
strength, thickness, and postassembly modifications make them highly suitable to detect the effects
of environmental stimuli on cellular response and to be applied on tissue engineering [98].

Figure 1.12: Basic principles of tissue engineering [7].

PEC multilayer films made by layer-by-layer assemble is a promising technique to get a bioactive
biomimetic surface to trigger a specific cell response and form a new tissue [97]. The properties
of PEC multilayer films present highly suitability to immobilize the biomolecules. For example.
PSS/PAH film is the most frequently studied synthetic PEC multilayer film, because it is a good
substrate for cell adhesion and proliferation, which may be attributed partially to the presence of
sulfonate groups [99]. This linaerly growing and dense film can also improve the mechanical properties of the cryopreserved vessel. Natural polyelectrolytes, such as proteins, polysaccharides, and
other bioactive molecules such as growth factors, can be used in multilayer construction to enhance
cell adhesion and proliferation, because the tissues are originally composed by these molecules.
For instance, when gelatin was associated with CS and deposited onto titanium films, the modified
titanium substrates presents better proliferation and viability of osteoblast cells than the control
surfaces after 1 day and 7 days of culture in vitro [100]. HA/CS core-shell nanofibers membrane
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presented high biocompatibility for mouse fibroblast cell line [67]. Cells on the surface began to
exhibit pseudopodia-like morphology with pseudopodial protrusions after one-day cultivation, and
the pseudopod-like cells had widely proliferated across the surface of the fiber membrane after
three-day cultivation.
Hydrogels, with structural and compositional similarities to biological tissues and their extensive
framework for cell survival, have attracted considerable attention for tissue engineering [101, 102].
Comparing with conventional hydrogels, polyelectrolyte gels show unique responses to environmental stimuli, such as electrically induced chemomechanical contraction similar to biological responses [103, 104]. Furthermore, the natural polyelectrolytes, such as polysaccharide and charged
filamentous proteins, are highly biocompatible. If neutral polymers are introduced into polyelectrolyte networks, the gel can have better mechanical properties close to native cartilage [105, 106].
In the double network gel composed of PAMPS and PDMAAm (poly(2-acrylamide-2-methylpropane sulfonic acid)/poly(N, N-dimethyl acrylamide) DN gel), the final stress and the tangent
modulus were significantly enhanced from 3.10 and 0.20 MPa to 5.40 and 0.37 MPa, respectively,
while the water content was significant reduced after implantation (94 to 91%) [107]. This significantly solved the problem of the limitation by weak mechanical behavior for artificial cartilage.

Drug delivery

Drug delivery is a technology of transporting a pharmaceutical compound into the confocal tissue
to safely achieve its desired therapeutic effect (Figure 1.13). PECs have attracted high interest in
the field of drug delivery due to their sensitivity to specific conditions, such as pH, temperature,
magnetic and electric fields. Also, the charge on polyelectrolyte brings additional benefits for
drug delivery, such as penetration enhancement and pH-specific disintegration. Certain pH can
facilitate the polymer distingration, therefore triger the targeted drug release [108]. Both natural
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and synthetic polyelectrolytes can be used for drug delivery. The advantages of natural polymers
are biocompatible, biodegradable, low-cost, and prevalently existing in nature, while synthetic
polymers are more thermally stable with better repeatability [93].

Figure 1.13: The various uptake pathways of macromolecules and nanoparticles into cells according to size [8].

For polyelectrolyte hydrogel, covalent linkage promotes absorption of water and/or bioactive compounds without dissolution and allows drug release by diffusion, while ionically crosslinked hydrogels are generally considered as biocompatible and well-tolerated, also exhibit higher swelling
sensitivity to pH changes in comparison to crosslinked hydrogels by covalent bonding [84]. The
swelling-deswelling property of PEC network plays an important role in drug releasing process.
When PECs swell, more charges are available to interact with water and the drug can diffuse out
from the vector matrix. Drug release may be triggered by pH-sensitive shrinking, as well. The
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releasing behaviors of dextran sulfate-chitosan complex gel were studied previously [109]. It was
shown that the release of dextran was enhanced by shrinking of the complex gel, and the complex
gel released dextran more rapidly at a greater degree of shrinking.
Sometimes the polyelectrolytes for drug delivery are modified to achieve an optimized result,
such as enhancing stability and loading efficiency, controlled release, and targeting. For example,
1,1,3,3-tetramethoxypropane (TMP) and PEG were introduced to enhance the hydrophilicity of
chitosan hydrogel network [110, 111], and therefore the penetration of the material into the tissues
can be improved. A core-shell nanofiber structure was fabricated from chitosan and hyaluronic
acid as the vector of anionic drug combretastatin A-4 phosphate [67]. Drug release profile showed
that these core-shell nano- fibers have a continuous drug release profile and the burst release was
reduced when compared with HA/CS hybrid nanofiber, because the CS shell layer hindered the
release of CA4P. Histamine was conjugated to poly(L-glutamate) (PLG) to a form a copolymer,
which exhibited a response to environmental pH from 5 to 7 on complex formation [112]. This can
be used for controlled release because tumor tissues usually present lower pH than normal tissue.
Folic acid (FA) is a popular targeting moiety for drug delivery because tumor cells overexpress
folic acid receptor. Therefore, FA is often conjugated to polyelectrolyte building blocks through
EDC/NHS coupling in the drug delivery system to improve the targeting property and reduce the
influence on normal tissue [113].

Gene delivery

Gene delivery is a process to transport nucleic acids into cell by a delivery agent for therapeutic effect. Polyplexes comprising DNA and a delivery vector must overcome a broad array of obstacles
and barriers both outside andinside the cell, which have been described in detail, to yield efficient
cellular transfection (Figure 1.14) [9]. To get an ideal gene delivery vehicle, polycations are em-
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ployed as the building block to balance hydrophobicity and charge density for non-viral vectors
because they pose less safety risk and offer a reliably tune macromolecular structure [114, 115].
Liu et al [116] reported that using a water soluble chitosan with molecular weight of 5000 and
deacetylated degree of 99% to interact with DNA could get rid of the effect of hydrophobicity of
N-acetyl group. Their study revealed that the binding attraction of chitosan with DNA is affected
by pH of the media. Highly charged chitosan and strong binding affinity with DNA occurs at pH
5.5, whereas weak interaction presents at pH 12.0.

Figure 1.14: The intracellular journey of gene delivery vectors [9].

However, simply conjugation of polyelectrolyte and DNA showed rapid removal from the bloodstream combined with nonspecific accumulation in organs and tissues [117]. This challenge can be
addressed by crosslinking and surface modification to make sure that the vector is stable enough for
the several barriers during transportation. For example, poly-L-lysine serves as the delivery vector
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for DNA by multicovalent crosslinking of primary amines with a crosslinking agent that can be
cleaved by reduction later [118]. It was found that the concentration of crosslinked polyplexes was
maintained more than 7 times higher than that of non-crosslinked vector. As surface-modification,
Oupicky [117] reported that after multivalent coated with N-(2-hydroxypropyl)methacrylamide
(PHPMA), the α-half-life for bloodstream clearance of polycation/DNA polyplexes extended from
less than 5 minutes to more than 90 minutes.

Wound self-healing

In general, polymers are promising materials for self-healing due to their mobility of the chains at
physiological conditions [119]. PECs exhibits reversible properties due to the reversible interaction
between the oppositely charged polymers. PEC multilayers and hydrogels are stimuli-responsive to
external environment when the surrounding conditions change, such as pH, humidity, temperature,
and conductivity. Therefore, they can prove active feedback for regeneration of wounded tissue.
Furthermore, their ability to react with a lot of organic/inorganic molecules through electrostatic
absorptions (complexation) and hydrogen bonding allows the loading of healing agents [120]. The
mechanism of PEC multilayers or hydrogels working as self-healing materials is that the external
stimuli affect ionization of the function groups of the polyelectrolytes, resulting in lower electrostatic interaction and increasing repulsion between the polymers, whereas counter ions penetrate
the matrix to compensate the charges [121–123]. This leads to higher osmotic pressure inside compared to the surrounding solution, which causes the penetration of water into the PEC multilayers.
Thus, the material starts to swell, and self-healing (Figure 1.15).
It was proved that the weak-weak PECs are better material for self-healing than strong-strong
PECs. For example, the PEI/PAA multilayer system self-healed in 6-8 h, however, polyelectrolyte
multilayers formed by PDADMAC and PSS did not exhibit healing properties [124]. This is be-
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cause the high charge density on strong polyelectrolyte renders too strong interaction to be altered
by external stimuli. This problem can be overcome by modification of the polymers. For example,
2-hydroxypropyltrimethyl ammonium chloride chitosan (HACC), instead of CS, was used to form
a self-healing hydrogel with alginate (ALG) [125]. The as-prepared hydrogel presents reversible
PEC properties. PAA/PAH system is another type of popular PEC multilayer assembly. This type
of film can be modified by post-processing in acidic solution to form nanoporous or submicroporous structures [126]. This film was used for wound healing in cornea [127]. Porous surfaces
with 100 nm (nanoporous) and 600 nm (submicron) pore diameters both supported corneal cell absorption, however, the corneal epithelial cellular response was significantly enhanced by nanoscale
porosity, and thenanoporous topographies significantly improved the cell proliferation and migration speeds. The PEC hydrogel formed by polyelectrolyte and metal ions also can be reversible
and applied for self-healing. Wang et al [128] studied Zinc-induced polyelectrolyte hydrogel (a
poly(acrylic acid) backbone functionalized with 30% catechol appendants) for self-healing. Zn2+
was used because it not only results in the injectable adhesive with superb adhesion after the coacervation formation compared to the one chelated by a stronger metallic interaction (e.g. Fe3+ ), but
also generates improved mechanical performance as a hydrogel for self-healing application after
the oxidation of catechol groups with a pH trigger.

Figure 1.15: Schematic mechanism of PEC multilayers for self-healing.
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Actuator

Actuators are materials that show large deformation in the presence of external stimuli, such as
pH [129, 130], ionic strength [129, 131], temperature [130], electric fields [81], and solvent [82]
(Figure 1.16). Polyelectrolyte hydrogels, which are formed by the ionic bonding, produce mechanical motion in response to those stimuli, making them good candidates as soft actuators. Liu
et al [129] reported a versatile strategy to fabricate a bilayer hydrogel actuator by assembling
two polymers with opposite charges through electrostatic attraction. The hydrogel was made from
the copolymerization of acrylamide and 2-acrylamido-2-methylpropanesulfonic acid, followed by
crosslinking with dimethylaminoethyl methacrylate methylchloride. The as-prepared hydrogel actuator was responsive to ionic strength and pH. The direct and degree of bending of PEC hydrogel
actuator can be tuned by adjusting the composition of hydrogel [130]. For example, pNIPAmAAc
(15%)pDADMAC hydrogel shows bidirectional bending, while the hydrogel without pDADMAC
can only bend on direction, when the solution pH or temperature is changed. This is because the
introducing of pDADMAC enhances the osmotic pressure. The form of deflection rate and scale
of PEC hydrogel actuators can be improved by increasing the surface to volume ration. Recently,
a chitosan hydrogel with rectilinear cavities was fabricated by 3D printing[81]. Comparing with
solid link hydrogels, this 3D printed hydrogel shows faster bending rate and larger bending angle,
due to the higher surface area.
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Figure 1.16: Schematic mechanism of PEC hydrogel actuator.

Energy storage

Polyelectrolytes usually act as the supportive materials on the substrates, such as carbon nanotube and graphene, for the active materials, such as metal oxide nanoparticles, through selfassembly [132–134]. The introducing of polyelectrolytes into the system takes advantage of the
interface engineering of multilayer thin film structures, leading to significantly improved electronic conductivity and high electrochemical performance of energy storage devices [132]. Leem et
al. [135] firstly reported that Layer-by-layer polyelectrolyte self-assembly films are applied to construct chromophore-catalyst assemblies for light-driven water splitting to produce hydrogen and
oxygen. They took advantage of PAA as the oppositely charged layer of the cationic polystyrenebased Ru polychromophore to build up multilayer as the cell electrode. Pappa et al. [136] combined
the advantages of well-established polyelectrolyte multilayers with a high-performance electronic
transducer. They took poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS) film
as the electrically active layer to study the impact of biofunctionalization on organic electrochemical transistor operation. The system can be applied to the design of bioelectronic platforms for drug
delivery, tissue engineering, and medical diagnostics. Furthermore, polyelectrolytes can be used in
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self-healable and stretchable energy storage devices [137], such as electronic skin [138, 139] and
smart storage clothes [140, 141]. Huang et al. [137] reported a self-healable and highly stretchable
supercapacitor based on the dual crosslinked of PAA by hydrogen bonding and vinyl hybrid silica
nanoparticles (VSNPs-PAA), which can be easily self-repaired at room temperature and can be
stretched over 600% without any crack. Meanwhile, the scan rate applied to this supercapacitance
electrode can be reached up to 100mV/s, which is much higher than the rates of most PPy-based
electrodes measured even those in aqueous electrolytes [142, 143]. Polyelectrolytes also have already been used for hydrogen storage by enhancing the thermal stability of sodium borohydrides
(SBH) [144], which is the most attractive hydrogen storage material. The interaction between
sodium borohydrides can be either electrostatic adsorption or chemical bond, preventing SBH from
high reactivity with moisture and difficult handling at ambient atmosphere, consequently reduce
hydrogen penetration.

Theme of the research

This research is focused on the fundamental and application of PAA and PAA/CS based PECs.
In Chapter 2, we investigated how ferric ions (Fe3+ ) affect the bending stiffness and size of individual electrospun PAA:CS nanofibers measured by confocal microscopy imaging analysis. The
results indicate the effect of ferric ions on the length and strength of the fibers. Understanding the
metal ion effects on individual nanofiber mechanics could optimize a method of fine-tuning for desired stiffness, length, and Young’s modulus of nanofibers, offering further control over hydrogel
mechanics.
Chapter 3 focuses on the application of MnO2 @PAA/PPy core-shell nanofibers as supercapacitor
electrode, which exhibited outstanding properties including high specific capacitance, excellent
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reversible redox reactions, and fast charge/discharge ability.
In Chapter 4, PAA-CS/TPP core-shell nanoparticles were fabricated to load gemcitabine as drug
delivery system for pancreatic ductal adenocarcinoma (PDAC). The nanoparticles encapsulate the
drug gemcitabine at high efficiency and have controlled-release of the drug.
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CHAPTER 2: TUNABLE EFFECT OF METAL IONS ON
POLYELECTROLYTE NANOFIBER MECHANICAL PERFORMANCE

Abstract

Polyelectrolyte-based hydrogel fibers can mimic extracellular network and have various biomedical applications such as drug delivery, wound dressing and tissue scaffolding. Metal ions play an
essential role in hydrogel fiber stability through electrostatic interactions. However, the knowledge
of how ions modulate the mechanical performance of individual polyelectrolyte nanofiber is still
lacking. In this study, individual electrospun nanofiber of polyacrylic acid (PAA) with chitosan
is used as a model system to evaluate the effect of ferric ions on the nanofiber mechanical properties. Using dark field microscopy imaging and persistence length analysis, we demonstrate that
ferric ions affect nanofiber characteristics optimally at lower concentrations (0.1%), allowing for
shortest and stiffest nanofibers in the ferric ion concentration range of 0 ∼ 2% (molar percentage
to PAA monomer). Young’s modulus of the nanofibers is estimated at values of a few kilopascals,
indicating comparable strength for medical applications. Furthermore, Fourier-transform infrared
(FTIR) spectra show the chelation type of ferric ions with carboxylate group on polyacrylic acid
polymer chain. Our results suggest that metal ions can regulate single polyelectrolyte fiber stiffness
by bidentate bridging, thereby providing designs to fabricate hydrogels in a tunable fashion.

Introduction

Polyelectrolyte nanofiber hydrogels demonstrate exceptional mechanical properties and structural
stability that can be utilized in various biomedical applications including drug delivery, tissue
scaffolding and wound healing [145–147]. Such nanofibers generate crosslinked networks through
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thermal or chemical interactions for mechanical support in differing environments (e.g., pH, temperature, ionic strength) [6, 148–150]. Metal ions provide nanofiber networks with structural stability through electrostatic attractions, allowing for tunability of nanofiber hydrogels’ mechanical
properties [6, 148–150].
Electrospun nanofibers of polyacrylic acid (PAA) and chitosan (CS) with metal ions use ionic and
covalent interactions for tunability of the hydrogel (Figure 2.1A). Polyacrylic acid (PAA) is an
anionic polyelectrolyte with carboxylate functional groups on top of a hydrocarbon backbone [151,
152]. The flexible cationic polysaccharide chitosan (CS) interacts with PAA to form hydrogels
through electrostatic attraction for improved stability in varying pH ranges [153]. Mechanical
properties such as tensile strength of these hydrogels as a bulk material have been investigated [154,
155], but fabrication processes have been somewhat complicated. Hydrogel nanofibers of PAA
and CS with metal ions can be fabricated by electrospinning (Figure 2.1A), which is quick and
streamlined. During electrospinning process, the length, amount, and mechanics can be tuned via
adding metal ions to the nanofiber precursors. The mechanical properties (e.g., tensile strength
and Young’s modulus) of hydrogels have been characterized utilizing various techniques including
atomic force microscopy [156, 157], scanning electron microscopy [158], and rheometers [158,
159]. However, to our best knowledge, mechanical properties of PAA/CS single nanofiber have
not been well established. Control of individual nanofibers before introduction into a hydrogel
system optimizes them for biomedical applications requiring opposing parameters such as high
elasticity (artificial muscles) or higher stiffness (cell scaffold) [160–162] while offering regulation
past hydrogel mechanics.
Although the effects of metal ions on hydrogel stability have been shown [148, 163], how metal
ions modulate the mechanical properties of individual polyelectrolyte nanofibers is still unclear. In
this study, we investigated how ferric ions (Fe3+ ) affect the bending stiffness and size of individual electrospun PAA:CS nanofibers measured by confocal microscopy imaging analysis. Further
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characterization was carried out through Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Understanding
the metal ion effects on individual nanofiber mechanics could optimize a method of fine-tuning
for desired stiffness, length, and Young’s modulus (E) of nanofibers, offering further control over
hydrogel mechanics.
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Figure 2.1: (A) Schematic diagrams of polyacrylic acid (PAA) nanofiber fabrication process by
electrospinning. Functional groups with negative charges on PAA and ferric ions associate through
ionic interactions. Chitosan (CS) and ferric metal ions (Fe3+ ) provide positive charges to create
crosslinks in the system, therefore making it more resistant to environmental changes. (B) Scanning electron microscopy image of a polyacrylic acid nanofiber network. Scale bar represents 500
nm. (C) Transmission electron microscopy image of a single PAA/CS nanofiber complex. Scale
bar represents 200 nm.
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Materials and Methods

Nanofiber synthesis by elecrospinning

0.1 M FeCl3 solution and 6 M HCl was added to 0.568 g 4.4% CS solution in 25% acetic acid and
stirred for 30 min to get a homogeneous solution. Then, 1.43 g 35% PAA (Mw ∼240,000, SigmaAldrich) was added to the above solution to make PAA:CS mass ratio 20:1. Different amount of
0.1 M FeCl3 was added to make of Fe3+ 0.04%, 0.07%, 0.1%, 0.25%, 0.5%, 1% and 2% by molar
percentage of the carboxylate group on PAA. 6 M HCl was added to keep the pH of the solution at
1 to avoid gelation between Fe3+ and PAA. Different amount of DI water was added to the solution
to make the total polymer concentration at 20% wt.
The above solution was then loaded into a plastic syringe equipped with a 16 mm gauge needle
made of stainless steel. The needle was connected to a high-voltage power supply. The solution
was pumped continuously supplied by a syringe pump. A piece of aluminum foil as the collector
was placed at 27 cm distance of the tip of needle. The electrospinning process was conducted in
air at room temperature. The actual voltages ranged between 10 and 12 kV. To obtain continuous and homogeneous nanofiber, the voltages applied were adjusted during the process whenever
necessary. The electrospinning process usually took 1∼2 minutes to obtain individual filaments
without overlap and circle. The asspun nanofibers were dried at 40◦ C under vacuum and stored in
a desiccator for later use.

Scanning electron microscopy and transmission electron microscopy

The morphology of the fibers was characterized by transmission electron microscopy (TEM, JEOL
1011) and scanning electron microscopy (SEM, ZEISS ULTRA 55). A Formvar/Carbon 400 mesh
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Copper grid (Ted Pella 01754-F) was put on the collector during electrospinning to collect fibers
for TEM imaging at 100kV. SEM images were obtained from nanofibers electrospun on glass
slides. The samples were coated with a thin layer of Au/Pb (Emitech k550). Working distance
for SEM was between 6 ∼ 10 mm and required 5 kV for imaging. The diameter of the fibers was
measured through the scale bar on the images.

Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra of the nanofibers were characterized by Fourier Transform Infrared Spectroscopy using a Perkin Elmer Spectrum 100 series FT-IR spectrometer in the range of 600 to 4000
cm−1 with a resolution of 4 cm−1 and scan number of 4 to simulate the fibers. Single nanofibers
were too small for detection, and therefore vacuum-dried membranes of sample solution were
used. None of the components were lost during the electrospinning process (simulated using vacuum drying on the solution).

Confocal microscopy imaging and bending mechanics data analysis

Electrospun nanofibers were visualized with an Olympus BX51M confocal dark field microscope
equipped with a digital camera (Progres Gryphax model from Jenoptik) with a 20× objective. Dark
field microscope images were processed for enhanced contrast and skeletonized using ImageJ software (NIH) to enhance the prominence of filament shapes to be efficiently tracked [164]. Contrast
enhancement improves the signal-to-noise ratio and normalizes the signal for processing and visualization. Skeletonization converts the image to a binary format and pares down the filament
shapes to a single pixel width to remove the noise and enhance the tracking efficiency. Persistence
software [164] was used to measure the average length (Lavg ) and bending persistence length (Lp )
of PAA nanofibers. Lp values were calculated from best fits to angular correlation analyses [164]
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of nanofibers (n =210 ∼ 2200) using OriginPro 8 software. Young’s modulus (E) was calculated
by equation 2.1:

E=

κ
Lp κB T
=
I
I

(2.1)

where κ and I denote flexural rigidity and moment of inertia respectively, Lp represents persistence
length and κB T is thermal energy (κB is the Boltzmann constant, and T is temperature). The
thermal energy is essential at fluctuated temperature because it can affect the bending of a filament.
For a rigid rod (stiff nanofiber), changes in temperature will affect it less than a flexible nanofiber,
which is more likely to respond to temperature with bending. But since we kept everything at
room temperature, our measurements do not have to take this factor into account, and we therefore
used the constant. Moment of inertia (I) of PAA nanofibers was calculated based on radius (r)
measurement from SEM and TEM images (Figure 2.1B and C) through equation 2.2 [165–167].

I=

π 4
r
4

(2.2)

Results and Discussion

Ferric ions modulate the mechanical properties and average length of polyacrylic acid nanofibers.

Since the software may give erroneous results at filament reconstruction if selected filaments are
too close together [164], the electrospinning time can not be too long to make the filaments individually separated. Besides, circles are not allowed for the software, so the length of the filaments
has to be controlled by the voltage. To determine the bending stiffness of nanofibers, we directly
visualize the electrospun PAA:CS nanofibers at varying ferric ion concentrations using confocal
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(dark field) microscopy (Figure 2.2). The bending persistence length (Lp ) is a physical quantity
that relates to the bending stiffness of a polymer [164, 165], which is the fundamental parameter
of the modeling. Assuming the fiber as a bending cylinder, over a length scale Lp , the persistence length, the cylinder can be approximated as a rigid rod, while over larger length scales it
bends [164, 168]. Based on nanofiber microscopic images, we determine the nanofiber bending
Lp from two-dimensional angular correlation analysis that has successfully captured semi-flexible
biopolymer mechanics by equation 2.3 [164, 165].

C(s) = cos[θ(s) − θ(0)] = e−s/2Lp

(2.3)

where C(s) is the two-dimensional cosine correlation of length s, θ is the tangent angle along a
segment of length s (Figure 2.3). The stiffer the fiber, the less difference of θ(s) and θ(0), the
closer the correlation C to a value of 1, and the longer of Lp .
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Figure 2.2: Formation of PAA:CS:Fe3+ nanofibers at different concentrations after contrast enhancement. Representative darkfield images of nanofibers at different concentrations of ferric
metal ions show qualitative changes in length and stiffness. Scale bar represents 300 µm.
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Figure 2.3: Illustration of θ(s) and θ(0).

As shown in Figure 2.4A, the curve for Fe concentration 0.1% is closest to 1, suggesting that
fibers at this ferric concentration are the stiffest. This is content to the results shown in Figure
2.4B, ferric ions modulate the bending stiffness and average lengths of PAA:CS nanofibers and
allow for optimization of stiffness at lower concentrations (0.1%). Between 0% to 0.04% of ferric
ion concentrations, the bending Lp (and therefore stiffness of fibers) rises from an average of 67 µm
to 81 µm, only to come back down at the next concentration (0.07%) to levels similar to those of
nanofibers without ferric ions(67 µm). Though this suggests a threshold which must be overcome
at low concentrations of ferric ions, it also implies potential competition between ferric metal ions
with pre-existing crosslinking of polyacrylic acid and chitosan before a final settling into optimal
conformations. At 0.10% concentration, a rise to the highest average stiffness of about 122 µm is
indicated. This could be the optimal condition at which all steric and ionic effects are balanced and
take advantage of crosslinking between PAA and CS, while still having the addition of ferric metal
ions in a way that does not compete with existing charges adversely. Persistence length decreases at
0.25% ferric to the lowest Lp (about 62 µm), but then rises (though not to the extent of the plateau
pre-0.10% concentration) at 0.25% to reach a threshold that holds throughout the rest of rising
amounts of ferric studied at a range of 79 to 87 µm, indicating that a dynamic equilibrium has
been obtained. Higher concentrations could create too much of a struggle between rising number
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of ferric ions vying to better interact with the PAA:CS complex in nanofibers and therefore lead to
the gelation of the system, as was seen during creation of the solution.

Figure 2.4: (A) Changes in ferric concentration affect angular correlation of nanofibers. The stiffer
the fiber, the closer the correlation is to a value of 1. (B) Ferric ion modulation of bending stiffness in PAA:CS nanofibers is determined by persistence length analysis revealing that interaction
between ferric and PAA:CS raises stiffness of the nanofibers in a non-linear manner. (C) Average
length distribution of all nanofiber samples. The shortest nanofibers at the lowest possible concentration are created at 0.10% ferric metal ions, with ion effects also revealing a non-linear pattern
of effect. (N=630-2200).

The interaction between the positive charges of ferric and PAA:CS complex is strong enough even
at a low concentration to affect nanofiber length (Figure 2.4C). For instance, at 95 µm nanofibers
with no ferric have about 55% decrease in length when compared to nanofibers with 0.04% ferric. Previous studies show that ferric could successfully bind with both chitosan and polyacrylic
acid through electron-rich ligands on the polymer chain (carboxylate group, amine group, and hydroxyl group) [10, 150, 163, 169, 170](Figure 2.5), consistent with the ferric ion’s effect on PAA
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nanofibers in this study. Nonetheless, the solution creation at a lower pH affects chitosan through
protonation that keeps interaction between it and the other components to a negligible level, making most of the effect a focus between PAA and ferric metal ions [6, 169]. Between 0.04% and
0.10%, change is not drastic but reaches shortest average length before rising at the following concentration of 0.25% to a length that still does not compare to that of the PAA/CS complex without
ferric. A further shortening of nanofibers from 0.25% concentration of ferric until 1.00% in direct
correlation with rising concentration of ferric then follows. From 1.00% to 2.00%, a plateau is
evident, though length values are in range of 0.10% ferric concentration samples. This suggests
that at their shortest, PAA/CS/Fe3+ nanofibers reach a threshold range through either a controlled
addition of ferric metal ions (0.10%) or through further saturation.

Figure 2.5: Schematic representation of the Fe-PAA (a) and Fe-CS (b) [10] complex.
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Chitosan helps ferric ions modulate the mechanical properties of PAA nanofibers.

Figure 2.6: Comparison analysis of length (A) and bending stiffness(C) of nanofibers electrospun
with and without chitosan at initial concentrations 0%, 0.04%, 0.07%, and 0.10% of ferric metal
ions. (A) Nanofibers with no chitosan (circles) show a higher average nanofiber length that falls
dramatically as the concentration of ferric rises. (B) A point for control nanofibers containing
no CS or Fe3+ ions could not be accurately measured due to length surpassing imaging limits of
magnification. Scale bar represents 250 µm. (C) Nanofibers with chitosan (triangles) did have
measurable lengths that began well below estimations for PAA only nanofibers, and therefore
showed more overall stability in length changes. Nanofibers with no chitosan (circles) at 0%,
0.04%, and 0.07% concentrations of ferric have lower persistence length and therefore stiffless
than the average nanofiber with chitosan (triangles). At concentration 0.07% and 0.10% of ferric,
both nanofibers with and without chitosan converge at similar persistence length averages, as well
as highest impact concentration of ferric on overall stiffness of the nanofibers. Bending stiffness
measurements were acquired on fragments of nanofibers that could be captured in span of image.
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Nanofiber fabrication at acidic pH leads to negligible electrostatic interaction between chitosan
with PAA or ferric metal ions. Chitosan does not fully block ferric interaction with PAA but could
rather help reinforce nanofibers physically. To identify the roles of chitosan in PAA nanofiber
mechanics, we imaged PAA nanofibers in the presence or absence of chitosan and measured
nanofibers’ lengths and bending persistence lengths. The average nanofiber length without chitosan
was longer than those with chitosan (Figure 2.6A and 2.6B). Since a point for control nanofibers
containing no CS or Fe3+ ions could not be accurately measured due to length surpassing imaging
limits of magnification (Figure 2.6B)), the study of nanofibers without CS starts at ferric concentration 0.04%. Nanofibers with no chitosan (circles) show a higher average nanofiber length that
falls dramatically as the concentration of ferric rises, while the average length of nanofibers with
∼5% CS shows a slightly shortening (Figure 2.6A). According to length distribution comparison,
nanofibers with no chitosan (black) show a wider variation of lengths than nanofibers with chitosan
(Figure 2.7A).
The chitosan interaction gives the complex a better framework by immobilizing PAA polymer
chains through minimal interaction with the PAA chains and ferric metal ions. Nanofibers with
chitosan (triangles) did have measurable lengths that began well below estimations for PAA only
nanofibers, and therefore showed more overall stability in length changes (Figure 2.6B). Nanofibers
with no chitosan at 0% and 0.04% concentrations of ferric have lower persistence length and therefore stiffless than the average nanofiber with chitosan(Figure 2.6C). At concentration 0.07% and
0.10% of ferric, both nanofibers with and without chitosan converge at similar persistence length
averages, as well as highest impact concentration of ferric on overall stiffness of the nanofibers.
This boost could be due to the bidentate bridging created by the ferric ions with multiple chains
to make up for the lack of chitosan in the complex, as well as lack of competition for interactions
with PAA [150, 163, 169].
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Electrospun PAA:CS nanofibers could exist in hydrated states.

While various studies done for the mechanics of hydrogels created using different methods yielded
a wide range of Young’s modulus (6 ∼ 100,000 kPa) [171–173], the knowledge of Young’s modulus for individual PAA nanofibers is lacking. We estimated the Young’s modulus (see Methods
for details) of the nanofibers with and without CS based on average persistence length analysis
(Figure 2.8A) and diameter measured from SEM images (Figure 2.8B). The diameter of the
fibers increased along with time, and the newer samples have closer diameter points in cluster.
The nanofibers with the highest strength are at a ferric concentration of 0.10% for both nanofiber
samples with CS and controls without CS (Figure 2.8B). They have similar modulus results with
0.10% (with CS) calculated at 2.41 kPa. Without CS, the strength changes to 2.43 kPa as well
as similar bottommost diameter measurements for new samples. At lowest ferric value (0.04%
with no CS) nanofiber E is estimated at 0.599 kPa, which could be due to lack of optimization in
complex formation. With not enough ferric to interact with the PAA:CS complex, the structure is
not as scaffolded as a nanofiber with more ferric to create more bonds for stability. Our estimated
Young’s modulus of PAA nanofibers has a comparable stiffness to that of PAA hydrogel created
through micellar copolymerization as well as commercially available basement mimicry ECM material [171, 174], suggesting that electrospun nanofibers may be in their hydrated states lead to
functional hydrogel strength.
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Figure 2.7: Comparison analysis of nanofiber length (A) and bending stiffness(B) of nanofibers
electrospun with and without chitosan at concentrations 0%, 0.04%, 0.07%, and 0.10% of ferric
metal ions in box plots. (A) Length distribution comparison. The box range represents quartiles of
10% and 90% and reveals the effect of ferric metal ions and chitosan on each set. Nanofibers with
no chitosan (black) show a wider variation of lengths than nanofibers with chitosan. A box was
not created for nanofibers with no chitosan due to their lengths surpassing imaging limitations. (B)
Nanofibers with no chitosan (black) mostly have lower persistence length and therefore stiffless
than the average nanofiber with chitosan (red). At concentration 0.10% of ferric, both nanofibers
with and without chitosan converge at similar persistence length averages, as well as highest impact concentration of ferric on overall stiffness of the nanofibers. Bending stiffness of nanofibers
without chitosan or ferric were obtained on filament fragments that fit within the imaging window.
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Figure 2.8: Mean diameter is represented by the yellow columns, and young’s modulus is represented by the blue columns in the kPa range for individual nanofibers in their hydrated state and
show optimal estimates at 0.10% ferric metal ion concentration.

Characterization sheds light on how ferric metal ions affect individual PAA:CS nanofiber
structure.

Metal ion interaction at varying concentrations influences bonds of polyacrylic acid in individual
nanofibers. According to FTIR spectra, free carboxyl groups of PAA have a sharp band at 1702
cm−1 , indicating a strong C=O stretching vibration and the low concentration of Fe3+ to attach
to these groups (Figure 2.9A). The C=O stretching vibration for monomer carboxylic acid is at
1770 ∼ 1750 cm−1 , while for PAA, this peak moves to lower wave number because of hydrogen
bonding among the carbonyl groups of the polymer [175–177]. This peak further shifts to lower
wave number a little bit, due to the reconfiguration of the polymer chain after CS and Fe3+ was
added [175, 176].
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Figure 2.9: FTIR and conductivity analysis of nanofibers with varying ferric concentrations. (A)
The PAA:CS solutions with differing metal ion amounts were dried in vacuum for 3 days at 60◦ C.
Ferric metal ions influence the vibration of bonds in the system, which is reflected in the shifting
and strengthening of certain peaks. (B) Measurement of conductivity difference created by Fe3+
and HCl used in nanofiber preparation. Polyacrylic acid and chitosan have low conductivity that
rises sharply with addition of ferric metal ions and hydrochloric acid. There was no real conclusive
pattern to conductivity for further differentiation.

Interestingly, a peak at 1591 cm−1 only appeared for samples with a ferric concentration at 1%
showing carboxyl C=O asymmetric stretching verified through AFM. When the ferric ion concentration is lower than that, this peak couldn’t be detected due to the small amount of interaction
between PAA and Fe3+ . Since symmetric stretching of the carboxyl groups on PAA are at 1412
cm−1 , the difference between this peak and the asymmetric one in 1% ferric metal ion samples is
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179 cm−1 , which is approximately equal to the difference of the peaks for sodium salt of PAA (154
cm−1 ) [178], indicating that the type of bonds between PAA and Fe3+ are due to bidentate bridging
in that concentration of ferric specifically [6, 172]. The 1% concentration also displayed a sharper,
slightly larger peak of 1412 cm−1 owing to more symmetric carboxyl group vibrations than in the
other samples. At this concentration in both length and bending stiffness, it can be noted that the
nanofibers reach a sort of saturation point in ferric concentration. The growth of these peaks could
reflect the steric effect of chitosan sterically affecting sites of interaction as well as repellant electrostatic forces both between CS and Fe3+ affecting PAA functional groups. It could also be due
to metal ions competing amongst themselves as they saturate the system. Preliminary data from
AFM has indicated the creation of ferric clusters in the nanofiber complex which could also be part
of the effect on the bonds seen.
The rise of a peak at 1452 cm−1 represents C-H deformation with rising Fe3+ concentrations
and therefore rearrangement of the system. Further C=O stretching coupled with O-H in-plane
bending is reflected in the peak at 1233 cm−1 but does not see major change across concentrations.
Nonetheless, this peak does suggest that PAA is a polymer with syndiotactic configuration in which
repeating units alternate stereochemical configuration in a regulated manner. Had it been atactic
(lacking regular stereochemical configurations), there would have been a peak at 1250 cm−1 , as
well as a shoulder at 1300 cm−1 [179]. The peak at 1169 cm−1 , according to Liew et al. indicates
C-O stretching of carboxyl groups [180]. It remains clearly defined across all samples, though it
does weaken slightly with the rising concentration of ferric.
Previous work states that the chitosan interaction with the ferric metal ions and PAA is minimal
due to the pH of the solution being low. This leads to protonation of CS chains and does not
allow for further interaction with the system [181]. Protonation effect is verified by the PAA-CSFe3+ FTIR data, which is similar to past characterization of PAA-Fe3+ systems with no chitosan
characteristic peaks at 1154 or 893 cm−1 present [182]. Comparison of PAA:CS spectra with that
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of PAA alone also shows the lack of interaction since they are mostly identical. Direct verification
of Fe-O interaction bands would have to be on FTIR with a lower range, seeing as they appear
below 500 cm−1 and therefore outside the scope of our instrument [169].
Finally, there are peaks at about 800 cm−1 indicative of C-H twisting on PAA as well as C-COOH
stretching [179]. Though clear across all samples, the effect is strongest at 1% ferric concentration,
further confirming the higher reconfiguration effect occurring within the system when compared
with other concentrations.
According to the FTIR rspectrum, both free and crosslinked carboxylate groups showed up. This
reveals that only a fraction of PAA molecules has interacted with ferric ions and CS. The rest are
uninteracted polymer chains as loops and tails. The fraction of crosslinked PAA is very little due
to the low concentration of ferric ions and CS.
The conductivity of the nanofiber system was also studied. PAA and CS individually show a very
low level of conductivity (Figure 2.9B). Addition of HCl raised the measurement to 83.2 mS/cm,
but the value barely changed with the addition of 0.04% ferric metal ions. Ferric at a concentration
of 0.1M showed the highest conductivity by itself with values of the mixed nanofiber solutions
never rising as high. Nonetheless, the solution with the highest conductivity of the mixed samples
was at 0.10% and could explain how the nanofiber diameters have been smaller than in other
concentrations. When the same concentration of ferric was used without chitosan, the conductivity
dropped slightly. The final concentration tested (1%) did not show significant change from the
conductivity of 0.10% ferric metal ions. Overall no real conductivity differences could be used
definitively to differentiate one concentration from another, but the process did show the difference
that the HCl and ferric metal ions could make in nanofiber conductivity, and therefore diameter.
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Conclusion

The effect of metal ion (Fe3+ ) on mechanical properties of PAA/CS complex nanofiber was demonstrated by Persistence software via two-dimensional angular correlation analysis. Various ferric
ion concentrations were studied. The result indicates that the stiffest fiber presents at ferric concentration 0.1% molar ratio to PAA monomer with relatively shortest average length and longest
persistence length (Lp ), therefore the highest young’s modulus. Interestingly, the Lp and young’s
modulus are pretty similar for PAA-Fe3+ complex with or without CS. This study firstly provides
a facile method to study the mechanical properties of single fiber at solid status without solvent
and can be further applied to other fibrous systems. The results offer the opportunity to choose
fibers with suitable mechanical properties for various applications, such as tissue engineering and
wearable device.
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CHAPTER 3: FLEXIBLE CORE-SHELL COMPOSITE FIBERS FOR
HIGH PERFORMANCE SUPERCAPACITOR ELECTRODES

Xiaoyan Lu, Chen Shen, Zeyang Zhang, Elizabeth Barrios, and Lei Zhai, “CoreShell Composite Fibers for High-Performance Flexible Supercapacitor Electrodes”, ACS Applied Materials &
Interfaces 2018, 10(4), 4041-4049. DOI: 10.1021/acsami.7b12997 Copyright 2018 ACS Publications

Abstract

Coreshell nanofibers containing poly(acrylic acid) (PAA) and manganese oxide nanoparticles as
the core and polypyrrole (PPy) as the shell were fabricated through electrospinning the solution of
PAA and manganese ions (PAA/Mn2+ ). The obtained nanofibers were stabilized by Fe3+ through
the interaction between Fe3+ ions and carboxylate groups. Subsequent oxidation of Mn by KMnO4
produced uniform manganese dioxide (MnO2 ) nanoparticles in the fibers. A PPy shell was created
on the fibers by immersing the fibers in a pyrrole solution where the Fe3+ ions in the fiber polymerized the pyrrole on the fiber surfaces. In the MnO2 @PAA/PPy coreshell composite fibers, MnO2
nanoparticles function as high-capacity materials, while the PPy shell prevents the loss of MnO2
during the charge/discharge process. Such a unique structure makes the composite fibers efficient
electrode materials for supercapacitors. The gravimetric specific capacity of the MnO2 @PAA/PPy
coreshell composite fibers was 564 F/g based on cyclic voltammetry curves at 10 mV/s and 580
F/g based on galvanostatic charge/discharge studies at 5 A/g. The MnO2 @PAA/PPy coreshell
composite fibers also present stable cycling performance with 100 capacitance retention after 5000
cycles.
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Introduction

Supercapacitors (SCs) are an emerging technology that fills a crucial gap in today’s rapidly evolving energy storage requirements such as high energy density, high power density, lightweight and
flexibility. With desirable properties of high power density, fast charge-discharge rate, and excellent cycle stability [183–187], SCs can be used in a wide range of applications such as hybrid
vehicles, portable electronics, pacemakers, etc. [188, 188–190] SCs are categorized into electrochemical double layer capacitors (EDLCs) and pseudo-capacitors depending on the charge storage
mechanisms. Ion absorption of the electrical double layer at the electrode and electrolyte interface
is the mechanism for charge storage in EDLCs which are usually built from carbon-based active
materials with high surface area. They have good charge/discharge performance but low specific
capacitance (10 ∼200 F/g) [184–186, 191–196]. Pseudo-capacitors store energy through fast and
reversible redox reactions of transition metal oxides and electrical conductive polymers [197–207].
Manganese dioxide (MnO2 ) is a promising material for electrochemical supercapacitors because
of its high specific capacitance (theoretical value of 1400 F/g), fast charge-discharge process, low
cost, and environmentally benign nature [187, 208, 209]. The MnO2 pseudocapacitive behavior
is attributed to a Mn4+ /Mn3+ redox system involving a single-electron transfer [184]. In aqueous electrolytes, the general charge/discharge mechanism in MnOO− -based supercapacitors can
be described by: MnO2 + M+ + e− → MnOOM where M represents hydrated protons (H3 O+ )
and/or alkali cations such as K+ , Na+ , and Li+ [184]. Energy extracted from a MnO2 composite
electrode strongly depends on crystal and morphological structure of MnO2 as well as the quality
of MnO2 /current collector and MnO2 /electrolyte interfaces. Textural and morphological effects
at interface determine the MnO2 capacitance while the material bulk structures affect electrolyte
accessibility [199, 208, 210–212].
One-dimensional (1D) MnO2 composite fibers have been manufactured through electrospinning
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and extensively investigated as supercapacitor electrode materials because they can provide large
electrolyte/MnO2 interfacial surface area and good control of MnO2 morphology [202, 209, 213–
216]. In these studies, MnO2 nanoparticles were produced in carbon nanofiber matrices through
an electronspin/treatment process. The electrospinning of a solution of carbon precursor (e.g.,
polyvinylpyrrolidone and polyacrylonitrile) and a Mn salt (or MnOx nanoparticles) produced 1D
fibers which were converted to carbon/MnO2 composite fibers by a controlled heat treatment.
Phase separation of the polymers produced porous structures to control MnO2 morphology and
facilitate accessibility of electrolyte. While these 1D composite fibers have efficient use of MnO2
that leads to high specific capacitance, the charge/discharge mechanism of MnO2 indicated that
water soluble MnOO− could diffuse away into solution in the process, imposing a serious stability
issue that limits the practical applications for MnO2 [200, 217].
Here, we report the fabrication of freestanding MnO2 @poly(acrylic acid) (PAA)/polypyrrole (PPy)
coreshell nanofibers from electrospun PAA fibers loaded with manganese ions (PAA/Mn2+ ) (Figure 3.1). This work is based on our recent discovery that well-defined nanoparticles can be produced from metal ion loaded polyelectrolyte fibers [6]. PAA nanofibers with manganese ions,
as the core of the composite fiber, provided a robust and porous nanostructure as a freestanding and flexible supporting scaffold for the production of MnO2 nanoparticles. Fe3+ ions were
used to cross-link PAA fibers to improve their stability and initiate the polymerization of pyrrole to generate a PPy shell on the PAA fibers. The PPy shell inhibited the loss of MnO2 during the charge/discharge process. As a result, the coreshell structured fibers exhibited outstanding properties including high specific capacitance, excellent reversible redox reactions, and fast
charge/discharge ability, making them effective materials for supercapacitor electrodes.
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Figure 3.1: The scheme of the fabrication of the MnO2 @PAA/PPy core-shell nanofibers from PAA
electrospun fibers loaded with Mn2+ ions.

Experimental Procedure

Materials

25% poly(acrylic acid) (PAA, MW = ∼240,000 g/mol) solution, was purchased from SigmaAldrich Chemical Co. (USA). Manganese acetate (Mn(CH3 COO)2 ), potassium permanganate
(KMnO4 ), ferric (III) chloride (FeCl3 ), and pyrrole were purchased from Fisher Scientific (USA).
All chemicals were of analytical grade, and they were used as received. All solutions were prepared
in deionized water. Samples were synthesized by the following procedures.
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Materials synthesis

Fabrication of Nanofibers

Four grams of 25% PAA (Mw ∼240,000, Sigma-Aldrich) solution was mixed with 700 µL 1 M
manganese acetate (Mn(CH3 COO)2 ), which was the precursor solution. The solution was loaded
into a plastic syringe equipped with a 16-gauge needle made of stainless steel. The needle was
connected to a high-voltage power supply. The solution was pumped continuously with a syringe
pump. A piece of aluminum foil as the collector was placed at a distance of 27 cm from the tip
of the needle. The electrospinning process was conducted in air at room temperature. The actual
voltages ranged between 10 and 12 kV. To obtain continuous nanofibers with consistent thickness,
the voltages applied were adjusted during the process whenever necessary. For example, a lower
voltage was applied when the concentration and viscosity of the drop at the needle tip increased
during the electrospinning. The as-spun nanofibers were simply peered off from the collector as a
freestanding fiber mat after electrospinning and dried at 40◦ C under vacuum.

Creating MnO2 Nanoparticles on PAA Nanofibers

A solution contained 0.2 M FeCl3 and 0.6 M Mn(CH3 COO)2 ) was dropped onto the as-spun
nanofibers to wet them fully, and nanofibers were then dried in air. FeCl3 served as the cross-linker
of PAA to make fibers insoluble in water. Mn(CH3 COO)2 provides an Mn2+ environment to prevent the diffusion of Mn2+ from the nanofibers. After that, 0.01 M KMnO4 solution was brushed
onto nanofibers by using a small brush with a tip size of 4.1 mm 2.3 mm, where KMnO4 reacted
with Mn(CH3 COO)2 to form MnO2 nanoparticles on the nanofibers. As a result, MnO2 @PAA
nanofibers were formed. The fiber mats were brushed second, third, and fourth time with the 0.01
M KMnO4 solution after the KMnO4 solution from the previous brush was completely dried in air
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to obtain different amounts of MnO2 nanoparticles on PAA nanofibers. The remaining FeCl3 and
unreacted KMnO4 and Mn(CH3 COO)2 ) on the dry nanofibers were washed away by de-ionized
water.

Depositing the Polypyrrole Shell on the Surface of MnO2 @PAA Nanofibers

The MnO2 @PAA nanofiber mat was immersed into a mixed solution of 2 mL pyrrole and 10 mL
ethanol for 1 min for polymerization. After being washed with ethanol and water, the polypyrrole
coated nanofiber was dried at 40◦ C under vacuum. The freestanding nanofiber mat was pasted
onto a piece of graphite electrode (1 cm × 3 cm) by silver paint, which is the working electrode
for the three-electrode electrochemical workstation. The loading mass was around 0.2 mg for each
electrode.

Characterization

The morphologies were characterized by scanning electron microscopy (SEM, ZEISS ULTRA 55)
and transmission electron microscopy (TEM, JEOL 1011). The size and distribution of MnO2
nanoparticles were determined by high resolution transmission electron microscopy (HRTEM,
Tecnai F30) equipped with energy-dispersive X-ray spectroscopy (EDS). The chemical compositions of nanofibers were analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5400). X-ray
152 diffraction (XRD) spectra were obtained using a PANalytical Empyrean X-ray diffractometer. To compare the electrochemical performance of different electrode materials, a three-electrode
system consisting of a working electrode, a platinum counter electrode, and a saturated calomel
electrode (SCE) as reference electrode was used. The representative cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic charge/discharge (GCD) were
performed on this three-electrode configuration in 1 M Na2 SO4 solution at room temperature. CV
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was carried out at different scan rates of 2, 10, 20, 50, and 100 mV/s. GCD was measured at 0.5,
5, 10, 25, and 50 A/g. EIS measurements were performed in a frequency range from 1 Hz to 1000
kHz. To measure the electrical conductivity, PAA/Mn2+ , MnO2 @PAA, and MnO2@PAA/PPy
fiber mats were cut into 1 cm × 1 cm mats (the typical thickness of mats was 1.5 m.). Silver pastes
were coated on the two opposite sides of the fiber mats to get sheet resistance. The electrical
conductivity was calculated using eq 3.1

σ=

l
RA

(3.1)

where σ is the electrical conductivity, l is the length of the piece of the material, A is the crosssectional area of the specimen, and R is the electrical resistance of the specimen.
The specific capacitances (Csp , F/g) are calculated from the CV study according to eq 3.2

R V2
Csp =

V1

I(V )dV

υ(V2 − V1 )m

(3.2)

where I(V ) is the chargedischarge current of the CV loop, υ is the scan rate, m is the mass of the
active materials (g), and V1 , V2 are the switching potential in the CV curve [218].
The specific capacitance (Csp , F/g) of the electrode can also be calculated from the constant current
discharging curve of GCD experiment using eq 3.3

Csp =

I × ∆t
∆V × m

(3.3)

where I is the constant current, ∆t is the discharge time, ∆V is the discharge potential range and
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m is the mass of the active materials (MnO2 in this study).

Results and Discussion

Preparation of supercapacitor electrodes

To load nanoparticles into nanoparticles, there are two fabrication methods. One is direct fabrication during electrospinning process, and the other one is indirect fabrication of NPs-electrospun
fibers after electrospinning process [219]. Direct fabrication during electrospinning process is
the most straightforward strategy to fabricate composite fibers and has been widely used. In this
strategy, NPs can be directly added into the polymer solution. In this way, the composite fibers
could be synthesized in on-pot by electrospinning the mixed solution as long as the NP-precursor
can be uniformly distributed into the electrospun solution. Up to now, there are many metallic
NPs (Au, Ag, Cu, etc.) [220–223], and metal oxide (TiO2 , Fe3 O4 , MgO, ZnO, etc.) [224] are directly fabricated during electrospinning contains. Indirect fabrication, such as surface treatment,
hydrothermal sputtering etching, or gas-solid reaction, is usually applied to the NPs that are not
well-dispersed in the electrospun solution, or can’t be directly fabricated by large scale.
In the beginning, we tried direct fabrication which is more straight forward and facile. With this
method, we fabricate MnO2 nanoparticles by oxidation reaction of Mn(CH3 COO)2 and KMnO4
solution. After centrifugation, wash, and dry, TEM was carried out to show the morphology of
the MnO2 nanoparticles. According to Figure 3.2, both of α-MnO2 and β-MnO2 were obtained,
and the size of the nanoparticles was around 20 nm. The MnO2 nanoparticles powder was then
dispersed into 25% PAA solution by horn sonication with a concentration of 10% based on the
mass of PAA. After sonication, MnO2 was homogeneously mixed with PAA solution. The solution
became dark brown and kept homogeneous even after one year without any precipitation. This
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homogeneous mixture was then used as the precursor of electrospinning. The electrospinning
setup was completely the same as previously mentioned in the experimental section. The asprepared fiber mat was light brown, indicating that there were MnO2 particles dispersed in the
fibers. However, TEM image (Figure 3.3a) shows that the MnO2 nanoparticles were not completely
even-dispersed. There were still some large particle clusters inside of the fibers. The clusters
also made thinner nanofibers as shown in Figure 3.3b. As mentioned previously, the morphology
and contact area of MnO2 determines its electrochemical properties. Consequently, these clusters
would reduce the efficiency of the particles and impact the electrochemical properties.

Figure 3.2: TEM images of (a) α-MnO2 and (b) β-MnO2 nanoparticles.

To produce small and uniform MnO2 nanoparticles dispersed in the fiber structure, we tried indirect method. In this method, the precursor manganese acetate (Mn(CH3 COO)2 ) was added
to PAA solution before electrospinning and was converted to MnO2 through an oxidation reaction by KMnO4 . Figure 3.1 illustrates the fabrication procedure of MnO2 @PAA/PPy core-shell
nanofibers. The advantage of using electrospun poly(acrylic acid) (PAA) fibers loaded with Mn2+
ions to fabricate MnO2 @PAA/PPy core-shell nanofibers, which can be used as supercapacitor elec-
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trodes are following: small and well-dispersed MnO2 nanoparticles can be produced in PAA matrix
upon oxidation due to the interaction between carboxylate groups and Mn2+ ions. PAA nanofibers
not only provides the support of MnO2 nanoparticles but also functions as an electrolyte media to
facilitate cation diffusion during the charge/discharge process. Such structure increases the contacts area between MnO2 and the electrolytes and significantly improves the utilization efficiency
of MnO2 . In addition, the loaded Fe3+ will stabilize the PAA fibers and function as the oxidant
of pyrrole polymerization to produce a polypyrrole (PPy) shell on PAA fibers. The PPy shell can
improve the electrical conductivity as a conductive polymer, increase the capacitance of the electrode as a pseudo capacitive material —citewang2012rational and hinder the diffusion of MnOO−
to improve the cyclic stability of the electrode.

Figure 3.3: (a) TEM and (b) SEM image for PAA/MnO2 nanofibers fabricated by direct method.

As mentioned previously, the morphology of MnO2 determines its electrochemical properties.To
produce small and uniform MnO2 nanoparticles dispersed in the fiber structure, the precursor manganese acetate (Mn(CH3 COO)2 ) was added to PAA solution before electrospinning and converted
to MnO2 through an oxidation reaction by KMnO4 . The rational of preloading manganese acetate
into PAA solutions is based on our previous observation that loading metal ions into polyelectrolyte
fibers generate metal ion concentration gradient and nanoparticle aggregates upon subsequent re61

action (Figure 3.4) [225]. While the interaction between Mn2+ and carboxylate group on PAA is
bidentate, the Mn2+ interaction with the second ligand is much weaker than its interaction with the
first one. Therefore, Mn2+ does not affect the viscosity of the PAA solution and electrospinning
process. As shown in Figure 3.5a, PAA/Mn2+ nanofibers have an average diameter of 200 ∼ 250
nm and similar morphology to pure PAA nanofiber (Figure 3.5b).

Figure 3.4: TEM image of a MnO2 @PAA nanofiber produced by a post-loading approach.
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Figure 3.5: SEM images of PAA/Mn2+ (insert is TEM image of PAA/Mn2+ , and the scale bar is
50 nm) (a) and PAA fibers (b).

On the other hand, the weak Mn2+ interactions with PAA make the fiber soluble in water. To
stabilize the PAA nanofiber, the as-prepared fiber mat was wetted by a FeCl3 solution, utilizing
the strong interactions between PAA and ferric ions [6]. It was observed that the nanofibers were
dissolved or fused together when exposed to the FeCl3 solution with a concentration of Fe3+ lower
than 0.2 M. In contrast, the PAA nanofiber mat shrank and became stiff and fragile when exposed
to the FeCl3 solution with a concentration of Fe3+ higher than 0.5 M. PAA fibers are undergoing
two processes when they are exposed to a ferric solution: dissolving of PAA and cross-linking
of PAA by ferric ions. In the solutions of low ferric concentrations, not enough Fe3+ ions are
available to crosslink PAA and prevent the fiber from dissolving, whereas at higher concentrations,
too many Fe3+ ions bonded with carboxylate groups and made the fiber brittle and fragile. To keep
the morphology and softness of nanofibers, 0.2 M FeCl3 solution was used to stabilize the PAA
nanofiber (Figure 3.6a). After being cross-linked with Fe3+ , PAA nanofiber mats were stable in
water, and the nanostructure was maintained after being immersed in water for 5 days (Figure 3.7).
Our previous study shows that the nanostructure of the fiber mat remained constant after 15 days
when immersed in phosphate-buffered saline solution after being cross-linked with Fe3+ ions [6].
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Figure 3.6: SEM images of PAA/Mn2+ fibers cross-linked by 0.2 M FeCl3 (inset is a higher resolution SEM image of the fiber) (a), the cross-linked fibers after 18 h immersion in water (b),
PAA@MnO2 (c), and PAA@MnO2 /PPy (d) fibers after 18 month immersion in water.
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fibers ((c) and (f)) immersed in water for 2 days and 5 days.

Figure 3.7: SEM images of crosslinked PAA/Mn2+ fibers ((a) and (d)), MnO2 @PAA fibers ((b) and (e)), and MnO2 @PAA/PPy

MnO2 nanoparticles were produced by the oxidation of Mn(CH3 COO)2 by KMnO4 . The amount
of MnO2 in PAA fiber can be tuned by multiple oxidations by KMnO4 . With one-time oxidation,
the fiber mat was still flexible and no obvious size change was observed when compared with
PAA/Mn2+ fibers (Figure 3.9a). However, the color of the fiber mat changed from light orange to
brown after the reaction, indicating the formation of MnO2 nanoparticles on the fibers. According
to TEM, the size of the MnO2 nanoparticles for one-time KMnO4 oxidation is smaller than 5 nm
(Figure 3.8a, b). The formation of small MnO2 nanoparticles is due to the interaction between
Mn2+ ions and carboxylates in polyelectrolyte fibers. Our previous study [6] revealed that the formation of nanostructures on nanofibers was affected by two factors: the diffusion of the embedded
ions to the surface and the reaction rate of the metal ions with other chemicals. As the diffusion
of Mn2+ in PAA nanofibers is slow because of the interaction between Mn2+ and the carboxylate group, the fast oxidation of Mn2+ to MnO2 by KMnO4 leads to small MnO2 nanoparticles.
Multiple KMnO4 oxidations made the fiber mat darker (brown) and more fragile, suggesting the
production of more MnO2 nanoparticles upon each oxidation (Figure 3.9b-d). The TEM image of
PAA@MnO2 fibers after the fourth oxidation also shows the formation of larger amounts of MnO2
nanoparticles on the fibers (Figure 3.8c). The weight % and atom % of Mn on the PAA@MnO2
fiber surface after the first oxidation and the fourth oxidation were examined by electron diffraction
spectroscopy in SEM, showing that the values increased from 26.04 and 9.31 to 39.63 and 18.10%,
respectively (Table 3.1).

66

Figure 3.8: TEM image of images of PAA/MnO2 fibers after one-time KMnO4 oxidation(a).High
magnification image (b) shows that MnO2 particle size is less than 5 nm. (c)TEM image of
MnO2 @PAA fibers after four-time KMnO4 oxidation.
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Figure 3.9: SEM images of PAA/MnO2 fibers produced through one (a), two (b), three (c), and
four (d) times oxidation using KMnO4 . Insets are the digital pictures of fibers showing a darker
color with multiple oxidations.
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26.04
9.31

Atom % of Mn

oxidation

One-time KMnO4

Weight % of Mn

Sample

11.38

30.08

oxidation

Two-time KMnO4

12.71

33.23

oxidation

Three-time KMnO4

18.10

39.63

oxidation

Four-time KMnO4

Table 3.1: Summary of weight% and atom% of Mn from EDS equipped on SEM

The composition of PAA/Mn2+ fibers stabilized by Fe3+ and PAA@MnO2 fibers was also investigated using XPS. XPS results show that the as-spun PAA/MnAc2 fibers have 1.4% atomic
percentage of Mn (Figure 3.10a). Additionally, the high-resolution XPS spectrum (Figure 3.11a)
of PAA/Mn2+ fibers was used to investigate the chemical state of Mn in PAA/Mn2+ fibers. Characteristic XPS peaks of Mn 2P1/2 (652.8 eV), Mn 2P3/2 (641.2 eV), and the satellite peak (645.5
eV) indicate the existence of Mn2+ in the as-spun fibers [226–229]. The successful loading of
FeCl3 and additional Mn2+ by exposing the as-spun fibers to the FeCl3 and Mn(CH3 COO)2 mixed
solution is verified by XPS. Mn (5.7%) and Fe (2.7%) in atomic percentage clearly show the existence of Fe and Mn ions in fibers(Figure 3.10b). Similar to the as-spun fibers, signature peaks of
Mn 2P1/2 (652.8 eV) and Mn 2P3/2 (641.1 eV) and the satellite peak (645.2 eV) in Figure 3.11b
indicates the presence of Mn2+ in fibers before KMnO4 oxidation. The XPS survey results of
fibers after KMnO4 oxidation show a higher Mn atomic percentage compared to the fibers before
KMnO4 oxidation (Figure 3.12). The atomic percentage of Mn increased with increased times
of KMnO4 treatment. Additionally, the atomic percentage of Mn after three and four times of
oxidation is almost identical, which indicates a saturated Mn loading after three times of KMnO4
treatment. The chemical state of Mn after oxidation was examined by high-resolution XPS, and
the results are shown in Figure 3.11c. The XPS spectra of the samples after different times of
KMnO4 oxidation are almost identical. They all have the Mn 2P1/2 peak at around 654 eV and
Mn 2P3/2 peak at around 642 eV. These two characteristic peaks indicate the formation of MnO2
among all the samples after KMnO4 oxidation [204, 228–230]. In the XPS investigation of Mn 3s
peak, Mn 3s duplets at 83.1 and 87.8 eV are observed. The energy separation between these two
peaks is 4.7 eV (Figure 3.11a). The position of duplets and the separation between them verify
the formation of MnO2 nanocrystals in the composite fibers. The XRD spectra of the composite
fibers clearly show the signature XRD peaks of α-MnO2 (Figure 3.11b). The lattice constants
were calculated to be a = 9.375(5) Å and c = 2.908(2) Å, which are in good agreement with the
standard values (JCPDS 44-0141). Furthermore, the atomic percentage of Mn after two or more
70

times of KMnO4 brushing is higher than the theoretical value (Table 3.2). If 5.7% of Mn2+ in
atomic percentage was within the fibers before KMnO4 brushing and 3Mn2+ + 2Mn7+ = 5Mn4+
was the only reaction that happened, the highest Mn atomic percentage that could be reached is
8.6%. The high Mn atomic percentage (i.e., >20%) is probably because of the reaction between
KMnO4 and acrylic acid residues in PAA to produce MnO2 .

Figure 3.10: XPS spectrum of PAA/Mn2+ fibers (a) and fibers before KMnO4 oxidation (b).
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Figure 3.11: (a) Deconvoluted high-resolution XPS spectrum of the as-spun PAA/MnAc2
nanofibers. (b) Deconvoluted high-resolution XPS spectrum of PAA/MnAc2 fibers stabilized by
Fe3+ . (c) High-resolution XPS spectra of fibers after different times of KMnO4 oxidation (14
represents the oxidation times).
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Figure 3.12: XPS spectra of fibers after (a) one, (b) two, (c) three, and (d) four times of KMnO4
oxidation.
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Figure 3.13: XPS spectrum of Mn 3s (a), and XRD image (b) of composites after KMnO4 Oxidation.
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Table 3.2: Summary of Elemental Compositions from XPS
Atomic Concentration (%)
Sample
Mn

C

O

Fe

PAA/Mn2+ fibers

1.4

60.9

37.7

N/A

Fe3+ stabilized PAA/Mn2+ fibers

5.7

61.8

29.8

2.7

Fibers after 1 time of KMnO4 oxidation

6.9

62.2

30.8

N/A

Fibers after 2 time of KMnO4 oxidation

15.5

37.6

46.9

N/A

Fibers after 3 time of KMnO4 oxidation

22.2

29.2

48.6

N/A

Fibers after 4 time of KMnO4 oxidation

22.5

28.2

49.3

N/A

To prevent the degradation of MnO2 through the diffusion of MnOO− during the charge/discharge
process, a positively charged conductive polymer layer was deposited as a shell on the surface of
the PAA nanofiber, which also can improve the conductivity of the electrode. Polyaniline, PPy
and Poly(3,4-ethylenedioxythiophene) are the most common conductive polymers used in SCs
[191, 196, 197, 199, 203, 205–207, 210, 211, 231–236]. PPy was chosen as the shell material in
this study because of its low cost and neutral polymerization condition [197, 199, 203, 235, 236].
In our studies, the PAA@MnO2 fibers were immersed in pyrrole solutions for 1 min, where the
Fe3+ ions in PAA fibers polymerized pyrrole and produced 50 nm PPy shells on PAA fibers (Figure 3.14). Compared with the reported approach of producing the PPy shell using oxidants in
solutions [237, 238], our method produced a uniform PPy shell on the fiber surface because the
polymerization was controlled by the diffusion of Fe3+ ions in PAA fibers. Longer time polymerization would produce a thick PPy shell and granule that would significantly reduce the porosity
and surface area of the fiber mat and reduce the accessibility of the electrolyte, imposing a negative
effect on the electrochemical performance (Figure 3.15). On the basis of the mass ratio and atomic
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percentage of each element obtained from the EDS in HRTEM, the weight percentage of MnO2
in the electrode materials is 14.43 and 13.19% for one-time KMnO4 oxidation on PAA@MnO2
and PAA@MnO2 /PPy, respectively. This was taken as the active material mass for electrochemistry study because the EDS in HRTEM reveals the composition of the whole fiber [239]. The
as-prepared PAA@MnO2 and PAA@MnO2 /PPy fiber mats were stable and the fibrous structure
remained constant even after 18 month immersion in water (Figure 3.6c,d). Electrical conductivities of PAA/Mn2+ , PAA@MnO2 , and PAA@MnO2 /PPy fibers are 3.22 × 10−4 , 2.61 × 10−4 , and
1.19 × 10−3 S/m, respectively. The data show that the PPy shell increases the electrical conductivity of PAA/MnO2 fibers.

Figure 3.14: (a) SEM image of the PAA@MnO2 /PPy fiber produced by 1 min polymerization. The
inset shows that the fibers are flexible. (b) HRTEM image of the fiber showing about a 50 nm thick
PPy shell and small MnO2 particles inside the fiber.
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Figure 3.15: An SEM image of PAA@MnO2 /PPy fiber produced by 5 minutes (a) and 10 minutes
(b) polymerization.

Electrochemical Characterization

To study the electrochemical performance of the as-prepared freestanding PAA@MnO2 /PPy fibers,
CV measurements at different scan rates were performed by a three-electrode configuration in
1 M Na2 SO4 aqueous solution. Figure 3.16b shows that the CV curves of PAA@MnO2 /PPy
fibers, which are more rectangular than those of PAA@MnO2 fibers (Figure 3.16a), indicating
that PAA@ MnO2 /PPy fibers have lower charge transfer resistance, leading to an improved capacitive behavior. The higher current density in PAA@MnO2 /PPy fibers compared to other composite
fibers indicates more efficient MnO2 utilization and electron transportation, as PPy is used as a
protecting shell. The CV measurement of PAA@MnO2 /PPy at different scan rates ranging from 2
to 100 mV/s (Figure 3.16b) shows rectangular consistency, suggesting its outstanding capacitive
behavior. This superior performance is attributed to several facts: (1) small MnO2 nanoparticles
significantly increased the number of electrochemically active sites for the redox reaction, consequently increasing the MnO2 utilization efficiency; (2) although the porous structure of PAA
fibers cannot contribute to electron conductivity as other carbon materials [240], it improves elec-
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trolyte penetration and promotes the ion diffusion within the electrode materials; (3) the PAA/Fe3+
cross-linking network provides effective pathways for charge transport [148]; and (4) PPy, as the
conductive shell, also enormously improved the electron transfer at the interface.

Figure 3.16: CV measurements of (a) PAA@MnO2 , (b) PAA@MnO2/PPy at different scan rates,
and (c) PAA/Fe3+ , PAA/Fe3+ /PPy, PAA@MnO2 , and PAA@MnO2 /PPy at a scan rate of 10 mV/s.

To study the contribution of Fe3+ and PPy to the specific capacitance, CV measurements of
PAA/Fe3+ and PAA/Fe3+ / PPy without MnO2 were carried out. The results reveal that the contribution of Fe3+ and PPy is not significant (Figure 3.16c). The specific capacitance of PAA/Fe3+
and PAA/Fe3+ /PPy was less than 5 and 10%, respectively, of the capacitance obtained from
PAA@MnO2 /PPy (Table 3.3). The gravimetric specific capacitance of PAA@MnO2 /PPy fibers
reaches up to 564 F/g at a scan rate of 10 mV/s, which is about twice that of PAA@MnO2 fibers
(288 F/g). The specific capacitance calculation is based on the subtraction of the capacitance which
is attributed to Fe3+ and PPy from the total capacitance. PAA@MnO2 /PPy fibers showed a capacitance about twice that of PAA@MnO2 fibers at different scan rates. The loading mass of MnO2
can be controlled by varying the KMnO4 oxidation time. However, higher loading mass of MnO2
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reduced the gravimetric specific capacitance. For example, the specific capacitance of the sample
with two-time oxidation by KMnO4 was 320 F/g and the one with 3-time loading was only 203
F/g with 0.2 mg loading mass for both the electrodes. According to the fiber morphology, multiple
oxidations by KMnO4 increased the size of the MnO2 particle, thereby reducing its utilization and
lowering the conductivity of the electrode.

Table 3.3: Specific capacitance of PAA/Fe3+ , PAA/Fe3+ /PPy, PAA@MnO2 and PAA@MnO2 /PPy
at a scan rate of 10 mV/s.
Material

PAA/Fe3+

PAA/Fe3+ /PPy

PAA@MnO2

PAA@MnO2 /PPy

Specific Capacitance (F/g)

26

55

288

546

To study the charge storage capacity of different composite fibers, we performed GCD measurements from 0 to 0.8 V at current density ranging from 5 to 50 A/g, as shown in Figure 3.17. The
charging and discharging curves were symmetric, indicating that the electrochemical behavior of
the composite fibers was reversible. While PAA@MnO2 /PPy electrodes have high specific capacitance (692 F/g) at 0.5 A/g, the charge/discharge curve is asymmetric. It is believed that the long
discharging time at 0.5 A/g led to water splitting during the charge/discharge process and caused
the asymmetric charging and discharging curves [241, 242]. At low current density, the charge/
discharge process is slow, which gives it enough time for water to be electrolyzed, whereas at high
current density, the process is much faster and the contribution of water splitting is insignificant.
Therefore, the specific capacitance obtained at 5A/g reflects a more realistic performance. In our
study, PAA@MnO2 /PPy fibers have higher specific capacitance than PAA@MnO2 fibers because
of the PPy shell. The specific capacitance of PAA@MnO2 /PPy fibers is higher than most of the reported systems with MnO2 on carbon nanofibers [201, 209, 243, 244]. MnO2 on carbon nanofibers
and MnO2 /PPy on carbon nanofibers have been reported to have high specific capacitance (e.g.,
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855 [215] and 700 F/g [203]); however, the performance reduced to 87% after 5000 cycles and
91% after 2000 cycles, respectively. In comparison, the specific capacitance of PAA@MnO2 /PPy
in our study remains 100% of its initial value after 5000 cycles at a scan rate of 100 mV/s (Figure
3.18). The increase of the capacitance of PAA@MnO2 /PPy before 1000 cycles results from the
improved usage of MnO2 , the wetting of the electrode surface by the electrolyte, and the swelling
of the fiber during the charge/discharge process [245]. In the beginning of the charge/ discharge
process, MnOO− diffuses from the core and deposits as MnO2 at the PAA/PPy interface, leading to an improved utilization of MnO2 . At the same time, the PPy shell prevents MnOO− from
diffusing into the electrolyte solution. The capacitance value stops increasing when the diffusion of MnOO− species reaches equilibrium. In contrast, the step-like decrease of capacitance of
PAA@MnO2 in Figure 3.18 was attributed to the loss of MnO2 during the charge/discharge process [200]. MnOO− species diffuse from the fiber to the electrolyte solution without the protection
of the PPy shell, leading to decreased capacitance.

Figure 3.17: GCD measurements of PAA@MnO2 (a) and PAA@MnO2 /PPy (b). The insets are
specific capacitance at different current densities.
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Figure 3.18: Cycling performance of PAA@MnO2 and PAA@MnO2 /PPy at a scan rate of 100
mV/s.

The morphology and structure of PAA@MnO2 and PAA@ MnO2 /PPy fibers after the long-term
cycle were determined by SEM (Figure 3.19). The PAA@MnO2 fiber structure has been completely disintegrated after the long-term cycle, whereas the PAA@MnO2 /PPy fiber structure was
still preserved. According to EDS in SEM, the atomic percentage of Mn was 21 and 2.6%
for PAA@MnO2 460 fiber and PAA@MnO2 /PPy fiber, respectively. The preserved morphology and the superior electrochemical performance of PAA@MnO2 /PPy fibers suggest that the
PPy shell greatly improved the cycling stability of MnO2 nanoparticles by preventing MnOO−
from emigrating out of the fibers during the charge/discharge process. As shown in Figure 3.18,
PAA@MnO2 /PPy fibers maintained full capacitance, whereas PAA@MnO2 fibers retained 77% of
their initial value after 5000 cycles. The loss of MnO2 was also reflected by the color change of
the electrolyte solutions after 5000 cycles, where the electrolyte solution for PAA@MnO2 fibers
became yellow, whereas that for PAA@MnO2 /PPy remained colorless. In addition, the Nyquist
plots of PAA@MnO2 and PAA@MnO2 /PPy fibers before the cycle test (Figure 3.20) show that the
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solution resistance of PAA@MnO2 and PAA@MnO2 /PPy fibers are 3.42 and 1.48 Ω, respectively,
indicating that PPy significantly enhanced the conductivity of the electrode material.

Figure 3.19: SEM images of PAA@MnO2 (a) and PAA@MnO2 /PPy (b) after 5000 cycles at a scan
rate of 100 mV/s.

Figure 3.20: EIS of PAA@MnO2 and PAA@MnO2 /PPy.
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Conclusion

In summary, PAA@MnO2 /PPy core-shell freestanding and flexible fiber mats were fabricated from
electrospun PAA fibers loaded with Mn2+ ions. The fibers were stabilized by Fe3+ ions which were
subsequently used as the oxidants to polymerize pyrrole. Small and uniform MnO2 nanoparticles
were produced in PAA fibers through the oxidation of KMnO4 . The obtained flexible nanostructured mats were further investigated as supercapacitor electrodes, showing remarkable enhancements in specific capacitance, charge/discharge ability, as well as cyclic stability. The reported
method provides a facile and effective approach to produce flexible supercapacitor electrodes.
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CHAPTER 4: GEMCITABINE LOADED POLY(ACRYLIC
ACID)-CHITOSAN NANOPARTICLES FOR TARGETED THERAPY OF
PANCREATIC CANCER

Abstract

CS/TPP-PAA core-shell nanoparticle was fabricated by a facile method to post-load drug gemcitabine through incubation the nanoparticles with high concentration gemcitabine. The dense core
of CS/TPP nanoparticle provides a stable structure for PAA conjugation, while the shell PAA provides large space for drug loading and negative charge to make itself stable in tissue environment
and prevent the adsorption of protein. To obtain the optimum size and zeta potential, the ratios
between the ingredient were investigated. The chosen ratios were CS:TPP 2:1 (w:w), PAA:CS 1:1
(w:w), and CS:EDC 1:1 (w:w). The pH for fabrication was 6, at where the nanoparticles were
under most stable condition. TEM images confirmed the core-shell structure at around 300 nm.
The encapsulation efficiency (EE) and loading capacity (LC) are 3.64% and 5.04%, respectively.
In vitro releasing profile show that this drug delivery system has a prolonged controlled release
of gemcitabine (36.74% gemcitabine released in 12 days), thus is a potential system for cell and
clinical study.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 4th leading cause of cancer-associated death in
the US and has less than a 5% 5-year survival rate [246]. PDAC is often diagnosed at a late
stage and has a very complex and unique tumor microenvironment (TME) with elevated interstitial
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fluid pressure (IFP), which narrows the tumor vasculature and restricts drug delivery [247–251].
Gemcitabine (GEM, 2’-deoxy-2’, 2’-difluorocytidine), a b-difluoronucleoside, has been used in
the treatment of various cancers, such as lung, head, neck and colon cancers. The antitumor action
of GEM involves the inhibition of DNA synthesis by inhibition of ribonucleotide reductase and by
competition with dCTP for incorporation into DNA [252]. Although GEM presents anticancer activity, its properties such as rapid enzymatic degradation, poor cellular uptake, and fast metabolism
into inactive uracil derivatives [253–255]. This leads to the using of high drug dose, which causes
severe side-effect to normal tissue.
These conundrums make it urgent to develop an efficient delivery system of gemcitabine. GEM
with Abraxane (nanoparticle albuminbound paclitaxel) [256] or FOLFIRINOX (a combination
of leucovorin, 5-fluorouracil, irinotecan, and oxaliplatin) [257] is the current frontline treatments
for PDAC by blocking DNA replication and inducing S-phase cell cycle arrest [258], but have
minimal survival benefits [256, 257]. Many drug delivery carriers, such as liposome and micelles
can’t improve GEM plasma stability due to their low drug loading efficiency and fast release [258–
262]. Conjugation of GEM onto lipid and polymeric carriers improves the loading efficiency, but
has low aqueous solubility [263, 264]. So far, most of these drugs are not tumor selective, which
limits the delivery of an effective dose to the tumor without systemic toxicity. In addition, the
properties of the tumor tissue, such as high hydrostatic pressure, disorganized vasculature and
lacking of functional lymphatics, slowdown the movement of drug molecules towards to the tumor
cell, consequently lower the drug efficiency [254]. Hence, there is an unmet need to develop a
multimodal platform for effective drug delivery with improved therapeutic outcomes, meaning
that get a maximum therapeutic effect with minimum toxicity.
The development of nanotechnology has made possibilities that could help to enhance antitumor efficacy by increasing drug penetration due to the small size. Biodegradable hydrogel systems allow sustained release of chemotherapeutics locally [265–275]. Furthermore, combina85

tions of nanoparticles and hydrogel have shown its promise for carrying cytotoxic agents, including chemotherapeutic drugs, to effectively impede the growth of cancer in preclinical settings [273, 276–282]. Comparing with liposome, polymer carriers cause an extra intracellular
trafficking pathway, which prolongs drug release, leading to less drug dose usage. Also, polymer
nanovector delivers higher payload to the cells than that of liposomal vectors, due to less diffusion
of drugs through the platform [255]. Chitosan(CS), a non-toxic, biocompatible and biodegradable polysaccharide with high charge density, has gained considerable attention and been explored
as potential drug carrier and delivery systems [283, 284]. Its susceptibility to lysozyme makes
CS biodegradable to be an ideal material for controlled release of drug or genes [254]. Reproducible chitosan hydrogel nanoparticles can be fabricated via chemical cross-linking mediated by
polyanions. A commonly studied polyanion is tripolyphosphate (TPP) due to its biocompatibility [284]. CS/TPP nanoparticles are attractive carrier and delivery systems due to their formation
under mild conditions, monodispersity, adjustable size and positive surface charge [285]. However,
recent studies have demonstrated that positively charged nanoparticles strongly interact with serum
components. These interactions lead to aggregation and consequently, clearance from circulation,
limiting in vivo applications [286, 287]. A previous study by Y. Wu and others developed an approach toward the formation of stable CS/TPP nanoparticles in biological media by hydrophilic
modification on chitosan particle surface to enhance its solubility. This was done by fabricating
CS/TPP nanoparticles by standard ionic crosslinking technique. Next, poly(acrylic acid) PAA was
electrostatically attracted to positively charged CS/TPP, followed by covalently bonded to surface
of CS/TPP using carbodiimide (EDC) [288].
In this study, we replicate the aforementioned nanoparticles and attempt to load with GEM to study
in vitro and in vivo long-term release. This core-shell nanoparticle system provides several advantages: (a) GEM can be loaded not only in core CS/TPP nanoparticles due to formation of hydrogen
bonds with CS, but also in PAA shell by electrostatic interactions between amine groups of GEM
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and carboxyl groups of PAA, leading to a high drug loading amount; (b) the negatively charged
surface and hydrophilicity resulting from the PAA shell improves the resistivity to protein adsorption and electrostatic repulsion with cellular membrane, which prevent cellular internalization in
normal tissue [288]; (c) the swelling-deswelling property of this core-shell hydrogel nanoparticle
can be triggered in a tumor environment, i.e., low pH environment [288]. Thus, this nanoparticle system can provide the ideal carrier and delivery system of GEM to PDAC tumor cells. This
study focuses on the optimization of the fabrication of these nanoparticles and studies drug loading, release, and biocompatibility testing of GEM after loading. Since epidermal growth factor
receptor (EGFR) is overexpressed on the surface of cancer cells, we selected anti-EGFR antibody
GE11 (sequence YHWYGYTPQNVI) as the targeting moiety to delivery the drug delivery system
to pancreatic cancer cells. Future work aims to functionalize with targeting peptide GE11 and
perform animal studies, and we expect endocytotic mechanism when the drug delivery system is
uptaken by the cells.

Experimental Procedure

Materials

25% poly(acrylic acid) (PAA, MW = ∼250,000 g/mol) solution, low molecular weight chitosan
(CS, MW = 50,000 ∼ 190,000 g/mol) and tripolyphosphate (TPP, 85%), were purchased from
Sigma-Aldrich Chemical Co. (USA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased from Thermo Scientific (Japan). Gemcitabine (GEM, 98%) was purchased from Ark Pharm, Inc (USA). All chemicals were of analytical grade, and they were used
as received. Nanopure water was obtained by passing house deionized water through a Barnstead
NANOpure Diamond UV ultrapure water system.
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Fabrication of Nanofibers

Based on previously reported method [284], chitosan-tripolyphosphate (CS/TPP) nanoparticle was
achieved by ionic gelation between positively charged CS amine groups and negatively charged
sodium tripolyphosphate (TPP). Briefly, solid low molecular weight chitosan was dissolved in 1
wt% acetic acid to achieve a 0.5 mg/ml stock solution. The pH of the chitosan solution was then
adjusted to 6 by 1 M sodium hydroxide (NaOH). TPP was dissolved in nanopure water to make a
0.5 mg/ml stock solution. The TPP solution was then added dropwise (1 drop/second) into 10 mL
chitosan solution at ambient temperature under intensive stirring. The nanoparticles were produced
at selected chitosan to TPP weight ratios of 1:1, 2:1, 3:1, 4:1 and 5:1. The CS/TPP solution was
then stirred for another 10 minutes before being stored at 10◦ C for overnight.
After fabrication of the CS/TPP “template” nanoparticles, poly(acrylic acid) (PAA) was introduced
to conjugate onto the surface of the CS/TPP nanoparticle as a shell by electrostatic interaction between chitosan and PAA following layer-by-layer mechanism. 1% (w/v) PAA solution (pH 6) was
quickly added to the CS/TPP nanoparticle suspension while stirring. Different PAA:CS mass ratios
of 1:1, 5:1, 10:1, 15:1 and 20:1 were investigated. The PAA/CS/TPP solution is then allowed to stir
for 30 minutes before the addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) for crosslinking between the amine groups on CS and carboxylic acid groups on PAA
to form amide bonds. Various amount of EDC solution (0.5 mg/mL) was added to PAA/CS/TPP
nanoparticle suspension based on the ratio with CS to study its effect on particle properties. The
suspension was then stirred for overnight and filtered through a 0.45 m filter the following day.
The supernatant was collected for later use. The structure of GEM loaded core-shell PAA-CS/TPP
nanoparticle is showed in Figure 4.1.
For pH study, different amount of 1 M HCl or 1 M NaOH was slowly added to the nanoparticle
suspension to tune the pH value. The pH was determined by pH meter after being calibrated at 25
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◦

C.

Figure 4.1: Schematic representations of Gemcitabine loaded PAA/CS/TPP nanoparticle

Characterization of the nanoparticles

The hydrodynamic diameter and zeta potential of the nanoparticles were determined by dynamic
light scattering (DLS, Nano-ZS90, Malvern Instruments Ltd, Worcestershire, UK) equipped with
4 mW He Ne laser at a scattering angle of 90◦ at 532 nm at 25 ◦ C. Polydispersity index (PDI)
was also measured to determine particle size distribution. The supernatant after filtered by 0.45
µm filter was directly used for DLS analysis. All the measurements were repeated three times,
and an average value was reported. The stability of nanoparticles under simulated physiological
conditions was monitored by size measurements at different time points.
The morphology of the nanoparticles was characterized by transmission electron microscopy (TEM,
JEOL 1011). To prepare the TEM samples, the sample solution was dropped onto a carbon-coated
copper grid, and dried in air. The acceleration voltage was 100 kV.
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Incubation and encapsulation

Since GEM can be conjugated to CS and PAA molecules by hydrogen bonding and electrostatic
interaction between amine group and carboxylic group, respectively, the PAA-CS/TPP nanoparticle is an excellent vehicle for GEM delivery system. The as-prepared PAA-CS/TPP nanoparticles
were then incubated with high concentration GEM (15 mg/mL) for 48 hours. After incubation,
nanoparticles were separated from the suspension by ultra-centrifuged at 60,000 rpm for 30 minutes at 4 ◦ C in an ultra centrifuge (Sorvall MTX150 Micro Ultracentrifuge, Thermo Scientific).
The supernatant was collected to determine the encapsulation efficiency (EE) and loading capacity
(LC) of GEM via UV-visible spectroscopy at the characteristic wavelength = 268 nm. The pellet
was redispersed in nanopure water and frozen for lyophilization to obtain the mass of nanoparticles. Encapsulation efficiency (EE) and loading capacity (LC) of GEM were calculated as follows:

EE = (mass of encapsulated Gemcitabine)/(mass of starting material Gemcitabine)×100
(4.1)

LC = (mass of encapsulated Gemcitabine)/(total mass of nanoparticle) × 100

(4.2)

In vitro drug releasing

1 mL of redispersed nanoparticle suspension (0.5 mg/mL) was sealed in a dialysis membrane bag
(spectra pro molecular porous membrane tubing, MWCO = 12 ∼ 14 kD) and immersed in 50 mL
of nanopure water. The system was incubated at room temperature (25 ◦ C) under continuous gentle
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stirring, and the dialysis was kept for up to 12 days. 3 mL of the releasing phase was extracted
from the incubation medium at predetermined time intervals, and was analyzed via UV-visible
spectroscopy at the characteristic wavelength of λ = 268 nm. After withdrawing each aliquot, the
incubation medium was replenished with 3 mL of fresh nanopure water.

Results and Discussion

The final product GEM loaded nanoparticle GemPAA-CS/TPP core-shell structure is demonstrated
in Figure 4.1. As mentioned before, CS/TPP nanoparticles were formed as the core through ionic
crosslinking, where TPP acts as a crosslinker. Then, PAA is conjugated onto CS at the surface
of CS/TPP core as shell by covalent bond between carboxylic group on PAA and amine group on
CS to form PAA-CS/TPP core-shell nanoparticle. Finally, GEM is loaded by incubation of PAACS/TPP nanoparticles in GEM solution mainly through the interaction of GME and PAA. Several
parameters were determined to obtain an optimal result.

Effect of CS:TPP ratio on CS/TPP nanoparticle properties

A few CS:TPP ratios (w:w) were tested to determine optimal composition of core nanoparticle.
The size and zeta potential of the nanoparticle were characterized by DLS and TEM. The effect of
the mass ratio of CS and TPP on the particle size, stability, PDI and zeta potential is summarized
in Figure 4.2. Except for CS:TPP ratio at 1:1, Figure 4.2a shows that the CS/TPP particle size
was under 150 nm, and higher CS:TPP ratio results in larger diameter, while lower ratios results in
smaller diameter, due to TPP entangled with more CS chains, leading to dense particles, which is
consistent with previous report [289]. Higher CS:TPP ratio leads to higher zeta potential (Figure
4.2c), resulting in more stable nanoparticle suspension due to the stronger repulsion between the
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nanoparticles. With higher CS:TPP ratio at range of 2:1 to 5:1, the size change gets smaller during
the storage period. It’s 31 nm and 12 nm for CS:TPP rate at 2:1 and 5:1, respectively. When
CS:TPP ratio is 1:1, the particle size is much larger than the other ratios, and the particles tended
to aggregate during storage period. This is caused by the large amount of free TPP connecting the
existing loose nanoparticles and forming aggregation. Even though less size change occurred at
higher CS:TPP ratio, the ratio of CS:TPP of 2:1 was chosen as the optimal ratio due to small size
and relatively low PDI (Figure 4.2b).

Figure 4.2: Schematic representations of Gemcitabine loaded PAA/CS/TPP nanoparticle.

From the TEM image in Figure 4.3a, the dark contrast shows that CS/TPP nanoparticles are dense,
as expected, due to the gelation of CS molecules upon interaction with TPP. TEM image indicates
a size of approximately 30 ∼ 40 nm for CS/TPP compared to DLS measured size of approximately
100 nm, because dense and hydrophobic particles were dry and shrunk during the preparation of
TEM sample, while DLS reveals the hydrodynamic diameter and the particles swell in aqueous
solution.
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Figure 4.3: TEM image of CS/TPP core nanoparticles (a) and GEM loaded CS/TPP/PAA nanoparticles (b).

Effect of PAA:CS ratio on CS/TPP nanoparticle properties

It is essential for the nanoparticle to be stable in the tissue environment as a nanovector for drug
delivery system. Since the isoelectric point of most proteins is under 6 and the pH of body fluid is
higher than 7, the proteins are usually negatively charged in biological environment.
In this study, PAA was introduced to the system for surface modification of CS/TPP nanoparticles
to make negatively charged surface to prevent protein absorption by repulsion of negative charge
on protein. In addition, the hydrophilic property of PAA can improve nanoparticle stability in
biological environments. The effect of PAA:CS ratio on particle size and zeta potential were measured by DLS, and the result is shown in Figure 4.4. As expected, the size of the nanoparticles
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increased, and the zeta potential became more negative, as more PAA was added. When PAA was
added, the positive charge on the particle surface was neutralized by the negative charges on PAA,
and the corona formed by PAA molecules rendered large particle size than CS/TPP nanoparticles
and led to a cloudy suspension. The corona becomes thicker when more PAA is added. Meanwhile, the zeta potential of the nanoparticle suspension decrease from -29 mV to -45 mV when
the PAA:CS ratio increases from 1:1 to 20:1, due to more PAA molecules on the particle surface
increases the negative charge density. Although the highly negative zeta potential implies repulsive
forces for a stable suspension of nanoparticles, excess PAA brings up large size nanoparticles and
unstable colloid due to the low interaction rate between PAA and CS, and the unpaired chain of
PAA is easy to conjugate onto other CS/TPP nanoparticles, leading to flocculation. Consequently,
PAA:CS ratio of 1:1 was fixed for remaining characterization and drug loading due to desirable
size and zeta potential results. The nanoparticle size and zeta potential at this ratio is 268 nm and
-29mV, respectively. The zeta potential is around -30 mV, which causes a strong enough repulsion
for a table suspension [289].
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Figure 4.4: Effect of PAA:CS ratio on PAA-CS/TPP nanoparticle size (black line) and zeta potential (red line).

Effect of CS:EDC ratio on CS/TPP-PAA nanoparticle properties

Since both PAA and CS are weak polyelectrolyte, the electrostatic interaction between them can
be easily broken at tissue environment, and leads to fast drug release. In this study, EDC is introduced into the system to covalently crosslink PAA and CS by the formation of amide bond [290].
As previous reported [288], when CS:EDC molar ratio is higher than 1:1, the suspension is unstable, because there are free CS molecules on the nanoparticle surface that are not covered by
PAA molecules. In our study, CS:EDC ratios of 1:1, 1:2, 1:5 and 1:10 were investigated to determine the effect of the amount of EDC on the size and zeta potential of CS/TPP-PAA nanoparticle
(Figure 4.5). Comparing to CS/TPP/PAA nanoparticle at PAA:CS 1:1, the size of the nanoparticles decreased from 268 nm to 230 nm, at various CS:EDC ratios. This indicates that the EDC
crosslinking endows the nanoparticles denser through covalent bonding. EDC and PAA are always
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excess at other CS:EDC ratios, where all CS molecules are involved into crosslinking, and no obvious size change when more EDC is added. The zeta potential decreases from -29 mV to -31mV
after EDC is added at CS:EDC ratio 1:1, because the excess and unbounded PAA would leave the
nanoparticle surface. The surface charge of the nanoparticles slightly increased with higher ratio
of EDC, due to the present of intermediate product after the interaction of PAA and EDC.

Figure 4.5: Effect of CS:EDC ratio on PAA-CS/TPP nanoparticle size (black line) and zeta potential (red line).

Figure 4.3b provides a TEM image of PAA conjugated CS/TPP nanoparticles, which is a core-shell
structure. The size of the core is approximately 50 nm, and the total diameter of the nanoparticles
is approximately 300 nm. This is larger than the measured size via DLS (230 nm). This is because
during the dry process of TEM sample preparation, the soft PAA shell of the nanoparticle flattened
out and formed “pancake” structure due to its high hydrophilicity, which causes a larger diameter
observed for the CS/TPP/PAA nanoparticles. Figure 4.3b confirms the core-shell structure and
demonstrates a dense core and soft shell, implying that majority of GEM loading would occur in
the shell.
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Effect of pH value on CS/TPP-PAA nanoparticle properties

It’s important to note that the pH of the solution plays a critical role during fabrication of PAACS/TPP nanoparticles because both CS and PAA are weak polyelectrolyte. As previously reported,
the extracellular pH of normal tissues and blood is 7.4, the tumor extracellular pH is ∼6.8, the endosomal pH is 5.0-6.0 and the lysosomal pH is 4.0-5.0 [291]. The environmental pH and pKa of
CS (6.5) and PAA (4.2) determine the global charge densities, which in turn affect the electrostatic
interaction between the hydroxyl group of PAA and amine group of CS [288]. When the pH of
the solution is below 4.2, both CS and PAA are completely protonated, therefore no interaction
between the two polymers. When the pH is higher than 6.5, CS is completely deprotonated and
PAA is completely ionized, resulting in no bonding for the polymers. Electrostatic attraction between CS and PAA occurs at pH 4.2 ∼ 6.5, when CS and PAA are both partially protonated. From
experimentation, it was determined that addition of PAA at pH lower than 5 and higher than 6.5
resulted in precipitation. Thus, fabrication needs to be performed within the pH range 5 ∼ 6.5 to
achieve maximal electrostatic interaction.
Nanoparticles composed of CS:TPP 2:1 and PAA:CS 1:1 were fabricated and exposed to various pH environments and then characterized. Figure 4.6 demonstrates the size and zeta potential
change in response to environmental pH value after EDC was added. Before EDC was added,
there is only electrostatic interaction between PAA and CS, which is pretty weak and can be easily
impacted by pH. CS/TPP/PAA nanoparticle stability was investigated at pH 2, 5, 7, 9, and 11 after
fabricated at pH 6 and determined by DLS. The size of nanoparticles become larger at low and
high pH (larger than 1000 nm). Further more, the values of PDI are beyond 0.4 except for pH 7
(size was 280 nm, and PDI was 0.204), whereas the PDI for original samples at pH 6 was 0.140,
meaning that CS/TPP/PAA nanoparticles are only stable at pH 6 ∼ 7. As mentioned previously,
there’s no interaction between PAA and CS due to full protonation at low pH, leading to nanopar-
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ticle swell, or even be destroyed. The nanoparticle suspension even became clear at pH 2, and
nanoparticles almost couldn’t be detected by DLS. PAA and CS are completely deprotonated at
high pH, resulting in inaccessible interaction, and the nanoparticles are not stable. The nanoparticles became much more stable after EDC was added. Even though the particle size became larger
at pH 2, the PDI was still pretty low (0.253), indicating that the nanoparticles are just swelled but
neither destroyed nor conjugated. The size and PDI are both kept at good condition at pH 5 and 7
compared to pH 6. At higher pH 9 and 11, DLS peaks divided into several ones at large size, and
PDI were larger than 0.6, meaning the nanoparticles are unstable, and aggregation may occur. pH
value affects zeta potential. At pH 2, zeta potential is as high as 21 mV, which is caused by the
protonated CS. When pH is higher (from pH 5), zeta potential approximately keeps the same at
-20 ∼ -30 mV.

Figure 4.6: Effect of pH value on PAA-CS/TPP nanoparticle size (black line) and zeta potential
(red line).
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In vitro drug releasing study

Release study of GEM loaded NP was performed for the sample with CS:TPP 2:1, PAA:CS 1:1,
and CS:EDC 1:1. Figure 4.7 shows the in vitro releasing behavior of GEM loaded PAA-CS/TPP
nanoparticles. The encapsulation efficiency (EE) is 3.64% with a loading capacity (LC) of 5.04%.
The initial burst release of the GEM was 29.5% in the first 24 hours of releasing, which occurred
in many drug delivery systems [254, 255, 292], due to the hydrophilicity of gemcitabine. The
loaded nanoparticles continued to release in 12 days, with a maximum release of GEM at 36.74%.
Comparing to other nanovectors [254, 255, 292], our system PAA-CS/TPP nanoparticles manifests
prolonged releasing profile. This could be because of the thick PAA shell, which can interact with
GEM through electrostatic attraction. This property makes it a potential drug delivery system with
low drug injection frequency, while keeping high plasma drug concentration, therefore reduce the
drug dosage. Further in vitro releasing study will be performed in human pancreatic carcinoma
cell line (PANC1), which exhibits GEM resistance, by Mayo Clinic.
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Figure 4.7: In-vitro release profile of GEM in nanopure water. Experiments were carried out at 37
◦

C. Values are the average of three different experiments standard deviation.

Conclusion

In conclusion, we were able to successfully fabricate core-shell nanoparticles composed of core
CS/TPP crosslinked with PAA using EDC as the shell and load GEM. Upon characterization of
nanoparticles, it was found that the nanoparticles were of desirable size (230 nm), stability and
loading capacity of GEM. Since there is a thick PAA shell, large amount of GEM and be loaded by
incubating PAA-CS/TPP nanoparticles with high concentration GEM solution. The encapsulation
efficiency (EE) and loading capacity (LC) are 3.64% and 5.04%, respectively. In addition, the
nanoparticle presents a prolonged releasing profile, which would lead to good clinical performance.
More experimentation is currently being performed to fabricate nanoparticles functionalized with
GE11 targeting protein and test out the performance in cell lines.
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CHAPTER 5: SUMMARY

In this dissertation, mechanical properties and applications in energy storage and biotechnology of
PAA-based PECs are investigated. Electrospinning was adapted to produce nanofibers for mechanical properties study and fabricate nanofiber mat for supercapacitor electrode, while the nanoparticles for drug delivery system was fabricated in aqueous solution. Both methods are facile under
ambient conditions. The major achievements are summarized as follows:
1. Mechanical properties of single PAA/CS nanofiber was first demonstrated by dark field microscopy imaging and persistence length analysis at various ferric ion concentration. The persistence length and Young’s modulus were carried out to determine the stiffness of the fibers. FTIR
was also tested out to obtain the chelating style of PAA and ferric ion. As a result, the nanofiber
became stiffest at 0.1% ferric ion concentration (molar percentage to PAA monomer), where the
nanofibers have the longest persistence length and highest Young’s modulus, during the concentration range 0% ∼ 2%. At this point, there’s almost no difference of stiffness for the PAA/Fe3+
with or without CS. According to the analysis of FTIR, the chelating style between PAA and Fe3+
is bidentate bridging.
2. Core-shell nanofibers containing poly(acrylic acid) (PAA) and manganese oxide nanoparticles
as the core and polypyrrole (PPy) as the shell were fabricated. PAA solution with Mn2+ was electrospun to fabricate nanofiber mat. The nanofiber mat was then stabilized by ferric ion through its
interaction between carboxylate group on PAA, so that the fiber mat became insoluble in water.
Mn2+ in the nanofibers was then oxidated by KMnO4 to form MnO2 nanoparticles as the active material for the supercapacitor. The results show small size and well-dispersed MnO2 nanoparticles
due to the in-situ fabrication in PAA nanofibers. Fe3+ served as the catalyst for pyrrole polymerization when the shell was coated. The positively charged PPy shell benefits the lifetime of MnO2
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during charge/discharge process, by preventing the diffusion out of MnOO− species. As a result,
the coreshell structured fibers exhibited outstanding properties including high specific capacitance,
excellent reversible redox reactions, fast charge/discharge ability, and long cycle life.
3. Core-shell nanoparticles with CS/TPP core and PAA shell was fabricated as a drug delivery
system to load drug gemcitabine. The ratios of the ingredients were optimized to obtain the optimum size and dispersity of the nanoparticles. Since the nanoparticles were made of weak polyelectrolytes, they are sensitive to pH. The best pH for the nanoparticles is 5 ∼ 7. Post loading
by incubating nanoparticles with GEM solution was applied. The encapsulation efficiency (EE) is
3.64% with a loading capacity (LC) of 5.04%. This drug delivery system has a prolonged releasing
profile, in which there was 36.74% of the total loaded GEM was released in 12 days. Future work
will focus on the validation of the results in vivo, and conjugation of targeting moiety (GE11) to
accomplish the targeted release-controlled drug delivery system.
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